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INTRODUCTION: 

Apoptosis  is  a  cell- suicide  process  that  is  required  for  the  normal  development  of  the  nervous 
system.  Aberrant  and  inappropriately  regulated  apoptosis  can,  however,  lead  to  undesirable 
neuronal  loss  such  as  that  seen  in  certain  neurodegenerative  diseases.  Apoptosis  can  also  be 
induced  in  various  neuronal  populations  by  chemical  and  biological  neurotoxins.  The 
intracellular  pathways  by  which  these  different  physiological  and  pathophysiological  stmuli 
cause  neuronal  death  has  not  been  characterized.  In  our  original  application  we  proposed 
the  hypothesis  that  certain  components  of  the  signaling  pathways  activated  by  different 
apoptotic  stimuli  might  be  shared.  Our  expectation  was  that  once  identified,  such  molecules 
could  serve  as  ideal  targets  for  the  development  of  approaches  to  protect  or  treat  individuals 
against  the  actions  of  neurotoxic  agents.  We  proposed  to  focus  our  attention  specifically  on 
four  signaling  molecules-  NF-kB,  p38  MAP  kinase,  caspases,  and  mGluR4.  All  four  of  these 
molecules  had  been  implicated  in  the  regulation  of  neuronal  survival.  The  primary  model  for 
studying  these  molecules  was  cultures  of  cerebellar  granule  neurons  (CGNs).  These  neurons 
undergo  apoptotic  death  when  switched  from  medium  containing  depolarizing  medium  (high 
potassium  medium  or  HK)  to  non-depolarizing  medium  (low  potassium  medium  or  LK).  LK- 
induced  neuronal  death  can  be  prevented  (and  survival  maintained)  by  treatment  with 
agents  such  as  cyclic  AMP,  IGF-1,  or  lithium. 

In  a  request  for  supplemental  funding  that  was  submitted  in  2001,  we  had  proposed  to 
extend  our  investigation  to  another  well-studied  apoptosis-regulatory  molecule  -  the  serine- 
threonine  kinase ,  Akt.  In  2002,  we  submitted  a  statement  of  modification  of  work  as  part  of 
our  annual  report.  In  2003,  we  submitted  another  request  for  supplemental  funding.  The 
funds  were  to  be  used  to  study  a  novel  and  exciting  chemical  compound  called  GW6074, 
which  we  found  had  neuroprotective  properties.  Finally,  in  2004  we  were  provided  with  yet 
another  supplement  to  studu  the  mechanism  of  action  of  GW5074  and  examine  whether  this 
compound  could  prevent  neurodegeneration  and  improve  behavioral  outcome  in  an  in  an 
animal  model  of  Parkinson’s  disease. 


BODY 

We  have  made  considerable  headway  on  a  number  of  different  fronts  and  our  studies  have 
resulted  in  12  publications  and  two  reviews.  For  the  purpose  of  better  presentation,  we 
describe  our  findings  under  the  following  sub-headings  —  (1)  NF-kB  and  the  regulation  of 
neuronal  survival,  (2)  LcB-p  phosphorylation  and  neuronal  survival,  (3)  Akt  as  a  potential 
convergent  point  in  survival-promotion  signaling,  (4)  Relationship  between  NF-kB  and  Akt, 
(5)  Analysis  of  GW5074  as  a  neuroprotective  compound,  and  (6)  3’  substituted  indolone  as  a 
scaffold  for  the  development  of  neuroprotective  drugs. 


1.  NF-kB  and  the  regulation  of  neuronal  survival 

We  found  that  pharmacological  inhibition  of  NF-kB  blocks  CGN  survival  in  HK. 
Although  no  change  in  expression  or  subcellular  localization  of  the  various  NF -kB  or  IkB 
proteins  can  be  detected  when  CGNs  are  switched  from  HK  to  LK  medium,  we  found  that  the 
DNA-binding  and  transcriptional  activity  of  NF-kB  is  nevertheless  reduced  Phosphorylation 
of  p65,  which  stimulates  its  activity  in  some  cases,  is  also  unchanged.  Overexpression  of  p65 
inhibits  LK-induced  apoptosis  whereas  overexpression  of  IkB- a  (which  would  inhibit  NF-kB) 
promotes  apoptosis  even  in  HK-medium.  We  proposed  to  investigate  the  mechanism  by 
which  NF-  B  activity  was  regulated  during  neuronal  apoptosis.  We  found  that  p65 
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interacts  with  the  transcriptional  coactivator,  CREB-binding  protein  (CBP)  in  healthy 
neurons.  LK-induced  decrease  in  NF-kB  activity  is  accompanied  by  a  reduction  in  the 
interaction  between  p65  and  CBP.  While  the  expression  of  CBP  is  unchanged  in  neurons 
primed  to  die,  the  reduced  association  with  p65  in  LK  is  accompanied  by 
hyperphosporylation  of  CBP.  These  alterations  occur  within  6h  of  LK  treatment,  a  time 
around  which  these  neurons  become  committed  to  death.  We  found  that  the 
hyperphosphorylation  of  CBP  in  LK  can  be  mimicked  by  inhibitors  of  protein  phosphatase  2A 
(PP2A)  and  PP2A-like  phosphatases  suggesting  that  LK-induced  increase  in  CBP 
phosphorylation  may  result  from  an  inactivation  of  PP2A  phosphatases.  Treatment  with 
these  PP2A  inhibitors  also  causes  a  reduction  in  p65-CBP  association.  While  PP2A,  PP4,  and 
PP6  are  all  expressed  inCGNs,  only  PP6  was  found  to  interact  with  CBP  implicating  it  as  the 
phosphatase  relevant  to  the  regulation  of  CBP  hyperphosphorylation.  In  addition  to 
stimulating  CBP  hyperphosphorylation,  treatment  with  PP2A-like  phosphatase  inhibitors 
induces  cell-death. 

To  gain  insight  into  the  mechanism  by  which  LK-induced  CBP  phosphorylation  occurs, 
we  initiated  efforts  to  identify  the  region  within  the  protein  in  which  the  apoptosis-associated 
hyperphosphorylation  occurs.  We  generated  a  number  of  GST-CBP  constructs  and  used 
these  in  in  vitro  kinase  assays  with  lysates  from  HK  or  LK-treated  neuronal  cultures.  These 
analyses  mapped  the  LK-regulated  site  to  a  region  spanning  amino  acidsl662  -  1840  of  CBP. 
This  region  contains  a  consensus  sequence  for  phosphorylation  by  cyclin-dependent  kinases 
(CDKs).  Consistent  with  the  involvement  of  CDKs,  we  have  recently  found  that  LK-induced 
hyperphosphorylation  of  CBP  is  inhibited  by  roscovitine,  a  pharmacological  inhibitor  of 
several  CDKs.  Several  other  kinase  inhibitors  did  not  block  hyperphosphorylation  of  CBP.  As 
published  by  other  groups  and  by  our  own  lab,  inhibition  of  CDKs  with  pharmacological 
inhibitors  or  using  dominant-negative  CDK  constructs,  blocks  LK-induced  neuronal 
apoptosis.  Taken  together,  our  results  are  consistent  with  the  possibility  that  LK-induced 
apoptosis  is  triggered  by  CBP  hyperphosphorylation,  a  modification  mediated  by  CDK 
activation  and  /  or  PP6  inactivation. 

In  separate  studies,  we  determined  that  besides  being  necessary  for  HK-mediated 
neuronal  survival,  NF-kB  is  also  required  for  the  survival-promoting  effects  of  IGF- 1,  cyclic 
AMP,  and  lithium  as  judged  by  the  ability  of  SN50  to  inhibit  the  actions  of  these  survival 
factors,  and  the  ability  of  these  factors  to  inhibit  the  reduction  of  DNA-binding  activity  of 
NF-kB  resulting  from  LK- treatment. 

2.  IkB-P  phosphorylation  and  neuronal  survival. 

We  found  that  IkB-[3  is  phosphorylated  in  healthy  neurons.  LK  treatment  causes  a  reduction 
in  the  extent  of  IkB-P  phosphorylation.  To  map  the  phosphorylation  site  and  identify  the 
kinase  involved  in  acting  on  it  we  generated  wild-type,  truncated,  and  point-mutant  forms  of 
IkB-P  expressed  as  GST-fusion  proteins  and  used  these  in  in  vitro  kinase  assays.  We  found 
that  HK-mediated  phosphorylation  of  IkB-P  is  not  mediated  by  IkB  kinase  (IKK),  but  by  the 
nonreceptor  tyrosine  kinase  Abl2  (Arg).  Phosphorylation  by  Abl2  occurs  at  a  novel  site, 
Tyrl61.  Consistent  with  Abl-mediated  phosphorylation,  we  found  that  the  treatment  of 
neurons  with  highly  selective  Abl  inhibitors,  PD  173955  and  Gleevec  blocks  HK-induced 
phosphorylation  of  IkB-P  at  Tyrl61.  Treatment  with  these  inhibitors  also  induces  neuronal 
apoptosis  in  HK  medium  suggesting  that  LcB-p  phosphorylation  is  necessary  for  HK- 
mediated  survival.  In  contrast  to  phosphorylation  by  IKK,  which  is  known  to  inhibit  NF-kB 
activity,  the  phosphorylation  of  IkB- [3  by  Abl2  enhances  its  association  with  NF-kB  and 
stimulates  NF-kB  DNA-binding  activity.  In  addition  to  the  known  roles  for  Abl2  in  neuronal 
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morphogenesis  and  axon  guidance  during  nervous  system  development,  our  findings 
implicate  this  kinase  in  the  maintenance  of  neuronal  survival.  Thus,  in  addition  to  CBP 
hyperphosphorylation,  the  activity  of  NF-kB  is  lowered  during  neuronal  apoptosis  by  a 
reduction  in  the  phosphorylation  of  LcB-p.  Preliminary  results  indicate  that  CBP,  p65  and 
IkB-P  exist  as  a  complex  in  HK  medium. 

3.  Akt  as  a  potential  convergent  point  in  survival-promotion  signaling 

In  our  request  for  supplementary  funding  submitted  in  2000,  we  had  hypothesized 
that  Akt  was  required  for  the  survival-promoting  effect  of  HK,  IGF-1,  cyclic  AMP,  and 
lithium  on  CGNs.  We  proposed  to  examine  if  the  four  factors  stimulated  Akt 
phosphorylation  and  activity,  respectively.  Consistent  with  it  being  a  convergent  point  in 
signaling  by  different  survival-promoting  factors,  we  found  that  Akt  is  phosphorylated  and 
activated  by  all  four  survival  factors.  The  pattern  of  Akt  phosphorylation  induced  by  the  four 
survival  factors,  however,  showed  differences.  While  IGF-1  induced  phosphorylation  of  Akt 
at  both  Ser473  and  Thr308,  HK  and  cyclic  AMP  stimulate  phosphorylation  at  Thr308  only. 
Lithium  increased  phosphorylation  at  Ser473  but  not  at  Thr308.  The  different 
phosphorylation  patterns  point  to  a  previously  unappreciated  complexity  in  the  regulation  of 
Akt  activity  in  neurons.  To  more  directly  examine  the  role  of  Akt  in  neuronal  survival  by  the 
different  factors  we  inhibited  it  using  pharmacological  inhibitors  and  by  overexpression  of  an 
adenoviral-delivered  dominant-negative  Akt  construct.  These  experiments  demonstrated 
that  Akt  is  required  for  the  survival  mediated  by  IGF-1  and  lithium.  Survival  by  HK  or 
cyclic  AMP,  however,  is  Akt-independent. 

Our  work  showed  that  Akt  is  not  a  molecule  that  is  indispensable  to  neuronal  survival. 
Since  IGF-1  and  lithium,  but  not  HK  or  cAMP,  stimulated  phosphorylation  of  Akt  at  Ser473, 
phosphorylation  of  this  residue  might  be  of  particular  significance  to  Akt-mediated  neuronal 
survival.  Despite  efforts  by  numerous  labs,  the  kinase  responsible  for  Ser473 
phosphorylation  has  not  been  identified.  In  other  experiments,  we  found  that  serum- 
glucocorticoid  regulated  kinase  (SGK,  a  kinase  that  is  structurally  related  to  Akt,  is  also 
activated  by  the  four  survival  factors.  It  is  possible  that  SGK  is  required  for  the  survival- 
promoting  effect  of  HK  and  cyclic  AMP  in  CGNs.  SGK  may  also  be  of  significant  importance 
to  the  survival  of  other  neuronal  types. 

4.  The  relationship  between  Akt  and  NF-kB 

Although  initially  believed  to  operate  as  components  of  distinct  signaling  pathways, 
several  studies  have  demonstrated  that  the  NF-kB  and  Akt  signaling  pathways  can 
converge.  Results  from  these  studies  placed  Akt  upstream  of  NF-kB  activation. 

Unexpectedly,  we  found  that  the  treatment  of  neurons  with  pharmacological  inhibitors  of 
NF-kB,  such  as  SN-50  and  TPCK,  blocked  the  ability  of  IGF-1  to  phosphorylate  Akt 
indicating  that  Akt  might  act  downstream  of  NF-kB  in  the  survival-promoting  pathway. 

To  test  the  hypothesis  that  Akt  was  a  downstream  target  of  NF-kB,  we  initially  used 
non-neuronal  cells.  It  has  been  well-established  that  the  treatment  of  NIH  3T3  cells  with  the 
NF-kB  activators,  TNFa  and  lipopolysaccharide  (LPS),  results  in  the  stimulation  of  Akt 
phosphorylation.  In  carefully  performed  time-course  experiments,  we  found  that  the 
stimulation  of  Akt  is  detected  only  after  LcB-adegradation  (an  event  necessary  for  NF-kB 
activation)  is  induced  by  these  agents.  The  nuclear  translocation  of  p65  and  increased  DNA- 
binding  activity  of  NF-kB  also  precede  Akt  phosphorylation.  Treatment  of  these  cultures 
with  the  NF-kB  inhibitors,  SN50  and  TPCK,  blocked  TNF-induced  Akt  activation.  On  the 
other  hand,  TNF-mediated  NF-kB  activation  was  not  reduced  by  the  phosphoinositide-3 
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kinase  (PI-3K)  inhibitors  wortmannin  and  LY294002  although  these  inhibitors  completely 
blocked  the  activation  of  Akt.  These  results  were  consistent  with  our  hypothesis  that  NF-kB 
is  required  for  TNF-mediated  Akt  activation  and  that  it  lies  upstream  of  Akt.  Further 
strengthening  our  conclusion  was  the  finding  that  overexpression  of  p65  led  to  Akt 
phosphorylation  in  the  absence  of  extracellular  stimulatory  factors,  while  overexpression  of 
IkB-o,  reduced  Akt  phosphorylation  below  basal  levels.  Our  results  using  NIH3T3  cells  were 
confirmed  in  primary  cultures  of  vascular  endothelial  cells. 

We  proceeded  to  examine  whether  PDK1  (a  serine-threonine  kinase  that 
phosphorylates  and  activates  Akt)  was  an  intermediary  between  NF-kB  and  Akt.  We  found 
that  elevated  p65  expression  led  to  an  activation  of  PDK1.  Treatment  with  antisense  PDK1 
oligonucleotides  reduced  PDK1  expression  and  inhibited  the  stimulation  of  Akt 
phosphorylation  by  p65.  We  also  found  that  p65-mediated  activation  of  PDK1  was  mediated 
by  PI- 3  kinase.  Thus,  elevated  p65  expression  activated  PI- 3  kinase  whereas 
pharmacological  inhibition  of  PI-3  kinase  blocked  both  PDK1  and  Akt  phosphorylation  by 
p65. 

Interestingly,  in  addition  to  stimulating  the  phosphorylation  of  Akt,  the 
overexpression  of  p65  caused  an  increase  in  the  expression  of  Akt  mRNA  and  protein.  We 
found  that  both  effects  (increased  phosphorylation  and  expression)  were  blocked  by 
transcriptional  and  translational  inhibitors,  suggesting  the  need  for  new  gene  expression.  In 
contrast  to  p65-mediated  Akt  phosphorylation  however,  neither  the  inhibition  of  PI-3  kinase, 
nor  of  PDK1,  affected  the  ability  of  p65  to  stimulate  Akt  expression.  This  suggests  that 
distinct  mechanisms  underlie  the  two  stimulatory  effects  of  p65  on  Akt.  We  cloned  the 
promoter  of  the  Aktl  gene,  linked  it  to  a  luciferase  reporter,  and  used  the  construct  in 
transcriptional  assays.  We  found  that  the  transcriptional  activity  of  the  Aktl  promoter  is 
robustly  stimulated  by  co-transfection  with  CMV-p65  but  not  by  a  control  LacZ  expressing 
vector,  demonstrating  that  the  stimulation  of  Akt  expression  by  p65  is  mediated  at  the 
transcriptional  level. 

We  examined  whether  overexpression  of  Akt  could  rescue  neurons  from  death  caused 
by  pharmacological  inhibition  of  NF-kB.  The  rational  here  was  that  if  NF-kB  promoted 
neuronal  survival  by  activating  Akt,  overexpression  of  Akt  would  maintain  neuronal  survival 
even  if  NF-kB  was  inhibited.  We  found  that  although  survival  in  IGF-1  is  blocked  by  the 
inhibition  of  NF-kB  by  SN-50  treatment,  the  neurons  are  fully  rescued  if  infected  with  Ad- 
Akt.  This  result  confirms  that  Akt  lies  downstream  of  NF-kB  in  the  survival-promoting 
signaling  pathway  utilized  by  IGF-1  in  neurons. 

5.  Analysis  of  GW5074  as  a  neuroprotective  compound 

Our  request  for  supplementary  funding  in  2002  was  to  study  a  remarkable  chemical 
compound  called  GW5074  {5-Iodo-3-[(3,5-dibromo-4-hydroxyphenyl)  methylene]-2- 
indolinone}.  GW5074  is  a  commercially  available  chemical  inhibitor  of  c-Raf.  We  had 
observed  (and  then  confirmed)  that  treatment  with  GW5074  could  prevent  LK-induced  death 
of  CGNs.  GW5074  had  no  direct  effect  on  the  activities  of  several  apoptosis-associated 
kinases  when  assayed  in  vitro.  Surprisingly  however,  and  in  contrast  to  its  effect  in  vitro, 
treatment  of  neurons  with  GW5074  caused  c-Raf  activation  (when  measured  in  vitro  in  the 
absence  of  the  drug)  and  stimulated  the  Raf-MEK-ERK  pathway.  Treatment  of  neurons  with 
GW5074  also  led  to  an  increase  in  the  activity  of  B-Raf,  which  was  not  efficiently  inhibited  by 
GW5074  in  vitro  at  concentrations  at  which  the  drug  exerts  its  neuroprotective  effect. 
PD98059  and  U0126,  two  distinct  inhibitors  of  MEK,  blocked  the  activation  of  ERK  by 
GW5074  but  had  no  effect  on  its  ability  to  prevent  cell  death.  Overexpression  of  a  dominant  - 
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negative  form  of  Akt  did  not  reduce  the  efficacy  of  GW5074,  demonstrating  an  Akt- 
independent  mechanism  of  action.  Neuroprotection  was  inhibited  by  SN-50,  a  specific 
inhibitor  of  NF-kB  and  by  the  Ras  inhibitor  S-trans,  trans-farnesylthiosalicylic  acid  (FTS) 
implicating  NF-kB  and  Ras  in  the  neuroprotective  signaling  pathway  activated  by  GW5074. 
In  addition  to  preventing  LK-induced  apoptosis,  treatment  with  GW5074  protected  against 
the  neurotoxic  effects  of  MPP+  and  methylmercury  in  CGNs  ,  and  glutathione  depletion- 
induced  oxidative  stress  in  cortical  neurons.  Furthermore,  GW5074  prevented 
neurogeneration  and  improved  behavioral  outcome  in  an  animal  model  of  Huntington's 
disease.  Given  its  neuroprotective  effect  on  distinct  types  of  cultured  neurons,  in  response  to 
different  neurotoxic  stimuli,  and  in  an  animal  model  of  neurodegeneration,  GW5074  could 
have  therapeutic  value  against  neurodegenerative  pathologies  in  humans. 

6.  3’  substituted  indolone  as  a  scaffold  for  the  development  of  neuroprotective 

drugs. 

In  more  recent  studies  we  focused  on  another  chemical  compound  called  GW8510  4- 
{[(7-Oxo-6,7-dihydro-8H-[l,3]thiazolo[5,4-e]indol-8  ylidene) methyl]  amino}-N-(2-pyridinyl)- 
benzenesulfonamide}  was  developed  recently  as  an  inhibitor  of  cyclin- dependent  kinase  2 
(CDK2).  We  found  that  GW8510  also  inhibited  death  CGNS  caused  by  LK  treatment. 
Surprisingly,  we  found  that  although  GW8510  inhibited  CDK2  and  other  CDKs  when  tested 
in  in  vitro  biochemical  assays,  when  used  on  cultured  neurons  it  only  inhibited  CDK5,  a 
cytoplasmic  CDK  that  is  not  associated  with  cell-cycle  progression.  Treatment  of  cultured 
HEK393T  cells  with  GW8510  did  not  inhibit  cell-cycle  progression,  consistent  with  its 
inability  to  inhibit  mitotic  CDKs  in  intact  cells.  We  determined  that  neuroprotection  by 
GW8510  was  independent  of  Akt  and  MEK-ERK  signaling.  Furthermore,  GW8510  did  not 
block  the  LK-induced  activation  of  GSK3p,  and  while  inhibiting  c-jun  phosphorylation,  it  did 
not  inhibit  the  increase  in  c-jun  expression  observed  in  apoptotic  neurons. 

Like  GW5074,  GW8510  is  a  3’  substituted  indolone  raising  the  possibility  that  the  3’ 
substituted  core  that  these  two  compounds  share  might  be  important  for  their  ability  to 
neuroprotect.  To  test  this  idea,  we  examined  the  effectiveness  of  other  3’  substituted 
indolone  compounds  to  protect  against  neuronal  apoptosis.  We  found  that  like  GW8510,  the 
VEGF  Receptor  2  kinase  inhibitors  [3-(lH-pyrrol-2-ylmethylene)-l,3-dihydroindol-2-one], 
{(Z)-3-[2,4-Dimethyl-3-(ethoxycarbonyl)pyrrol-5  yl)methylidenyl]indol-2-one},  and  [(Z)-5- 
Bromo-3-(4,5,6,6-tetrahydro-lH-indol-2-ylmethylene)-l,3-dihydroindol-2-one],  the  Src  family 
kinase  inhibitor  SU6656,  and  a  commercially  available  inactive  structural  analog  of  an 
RNAdependent  protein  kinase  inhibitor  5-Chloro-3-(3,5-dichloro-4-hydroxybenzylidene)-l,3- 
dihydro-indol-2-one,  are  all  neuroprotective  when  tested  on  LK-treated  neurons. 

Our  findings  identify  the  3’  substituted  indolone  as  a  core  structure  for  the  designing 
of  neuroprotective  drugs  that  may  be  used  to  treat  neurodegenerative  diseases  in  humans. 


KEY  RESEARCH  ACCOMPLISHMENTS: 

-  NF-kB  is  a  molecule  that  is  pivotal  for  neuronal  survival.  Moreover,  the  activity  of  NF-kB 
in  neurons  is  regulated  by  its  interaction  with  CBP.  Phosphorylation  of  CBP  leads  to 
reduced  association  between  NF-kB  and  CBP  leading  to  neuronal  death. 

-  Akt  is  activated  by  different  survival-promoting  factors.  While  it  is  necessary  for  survival- 
promotion  by  some  factors  (such  as  IGF-1  and  lithium),  it  is  not  required  for  neuronal 
survival  by  other  agents  (such  as  HK  or  cAMP). 

-  In  neurons  treated  with  IGF-1,  Akt  serves  as  a  downstream  target  of  NF-kB. 
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-  GSK3p  is  a  protein  that  is  necessary  for  neuronal  death,  while  PAK-1  is  a  molecule  that  is 
likely  to  promote  neuronal  survival. 

-  GW5074  is  a  small- molecule  neuroprotective  compound  that  can  prevent 
neurodegeneration  is  tissue  culture  and  in  vivo  models  of  neurodegeneration. 

-  3’  substituted  indolones  represent  a  scaffold  for  the  rational  design  of  therapeutic 
compounds  to  treat  neurodegenerative  conditions. 
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CONCLUSIONS 

The  research  performed  with  DAMD  funding  has  shed  new  insight  into  the  molecular 
mechanisms  underlying  the  regulation  of  neuronal  survival.  Moreover,  our  studies  have  led 
to  the  identification  of  neuroprotective  compounds  that  might  have  value  in  the  treatment  of 
neurodegenerative  conditions  in  humans. 
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Abstract 

Cerebellar  granule  neurons  can  be  maintained  in  culture  by  four  factors:  depolarizing  levels  of  potassium  (HK,  25  mM),  cyclic  AMP 
elevating  agents  and  analogs  (cyclic  adenosine  monophosphate,  cAMP),  insulin-like  growth  factor- 1  (IGF-1),  or  lithium.  We  investigated  the 
possibility  that  the  signal  transduction  pathways  utilized  by  these  four  survival  factors  might  converge  at  a  common  molecular  target  and  that 
the  serine/threonine  kinase  Akt  might  be  the  convergent  molecule.  Previous  research  demonstrated  that  the  four  factors  could  phosphorylate 
and  activate  Akt;  thus,  using  pharmacological  inhibition  of  Akt  and  overexpression  of  an  adenoviral  delivered  dominant  negative  Akt 
construct,  we  analyzed  the  role  of  Akt  in  the  survival  mediated  by  each  factor.  We  found  that  although  Akt  is  required  for  the  survival 
mediated  by  IGF-1  and  lithium,  it  is  dispensable  for  the  survival  mediated  by  high  potassium  and  cAMP. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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In  the  development  of  the  mammalian  nervous  system, 
superfluous  neurons  are  eliminated  by  apoptosis.  While 
being  critical  for  normal  neurodevelopment,  deregulated 
apoptosis  contributes  to  the  excessive  neuronal  loss  ob¬ 
served  in  a  variety  of  neurodegenerative  diseases,  and 
following  stroke  or  traumatic  head  injury  (for  review,  Refs. 
[7,36,54]).  Much  attention  has  therefore  been  focused  on 
understanding  the  intracellular  signaling  pathways  that  pro¬ 
mote  or  inhibit  neuronal  apoptosis.  A  commonly  used  cell 
culture  paradigm  that  has  been  used  to  understand  the 
molecular  mechanisms  underlying  apoptosis  is  cultured 
cerebellar  granule  neurons.  These  cultures  remain  viable 
in  the  presence  of  depolarizing  levels  of  extracellular 
potassium  (K+),  a  stimulus  that  mimics  neuronal  activity, 
which  is  known  to  be  important  for  the  survival  of  several 
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response  element  binding  protein;  GSK-3,  glycogen  synthase  kinase-3; 
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phosphatidylinositide-3  kinase 
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neuronal  types  in  vivo  [17].  Switching  of  granule  neuron 
cultures  from  a  high  K+  (HK)  medium  to  one  with  low  K+ 
(LK,  5  mM)  induces  apoptosis  [8,38,52].  LK-induced 
apoptosis  can  be  inhibited,  and  neuronal  survival  main¬ 
tained  by  insulin-like  growth  factor- 1  (IGF-1),  a  growth 
factor  with  well-established  neurotrophic  activity  for  many 
neuronal  types  including  cerebellar  granule  neurons  in  vivo 
[32,53].  Besides  trophic  factor  and  depolarizing  stimuli,  the 
survival  of  granule  neurons  can  be  mediated  by  cyclic  AMP 
and  lithium  [8-10].  Like  cerebellar  granule  neurons,  the 
survival  of  other  neuronal  populations  can  also  be  supported 
in  vitro  by  HK,  cyclic  AMP,  lithium,  and  specific  growth 
factors  [13,18,25,43,44,51]. 

HK-treatment  causes  membrane  depolarization  leading  to 
an  influx  of  calcium  through  voltage-gated  channels  initiat¬ 
ing  HK-mediated  survival  [16,28].  In  contrast,  growth 
factors  such  as  IGF-1  and  nerve  growth  factor  (NGF) 
activate  receptor  tyrosine  kinases  and  promote  neuronal 
survival  by  a  phosphatidylinositide-3  kinase  (PI-3K)-depen- 
dent  pathway  [5,10-12,20,37].  In  cerebellar  granule  neu¬ 
rons,  survival  by  HK  is  PI-3K-independent  [10,12], 
although  this  conclusion  has  been  contradicted  by  some 
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studies  [37,46].  Neuronal  survival  by  cyclic  adenosine 
monophosphate  (cAMP),  however,  does  not  require  either 
elevated  intracellular  calcium  or  PI-3K  activation  [5,39,41]. 
Furthermore,  lithium-mediated  survival  occurs  via  an  in¬ 
completely  understood  mechanism,  but  survival  most  likely 
involves  regulation  of  inositol  monophosphatase,  inositol 
polyphosphatase,  Akt,  and  glycogen  synthase  kinase-3 
(GSK-3)  [1,2,27,35,49]. 

While  clearly  activating  distinct  upstream  molecules,  it  is 
likely  that  the  signaling  pathways  activated  by  these  differ¬ 
ent  survival-promoting  molecules  converge  on  a  common 
downstream  target.  Identifying  such  a  target  would  increase 
our  basic  understanding  of  neuronal  survival  and  would  aid 
in  developing  preventative  and  therapeutic  strategies  against 
neurodegenerative  diseases.  One  potential  common  down¬ 
stream  target  is  the  60  kDa  serine/threonine  kinase  Akt  or 
protein  kinase  B  (PKB).  Akt  contributes  to  protecting  cells 
from  apoptosis  against  a  variety  of  apoptotic  insults  (for 
review,  Refs.  [24,45]).  Previous  work  by  Kumari  et  al.  [31] 
has  shown  that  HK,  IGF-1,  cAMP  and  lithium  activate  Akt 
in  cultured  cerebellar  granule  neurons,  supporting  the  idea 
of  Akt  as  the  convergent  molecule.  In  this  study,  we  have 
used  cultured  cerebellar  granule  neurons  to  examine  the 
necessity  of  Akt  in  the  survival  effects  of  HK,  IGF-1,  cAMP, 
and  lithium.  We  report  that  IGF-1  and  lithium-mediated 
neuronal  survival  is  dependent  on  Akt.  In  contrast,  survival 
by  HK  and  cyclic  AMP  is  mediated  by  an  Akt-independent 
mechanism. 

Unless  otherwise  specified,  all  materials  were  purchased 
from  Sigma  (St.  Louis,  MO).  All  antibodies  were  obtained 
from  Cell  Signaling  Technologies  (Beverly,  MA).  IGF-1 
was  purchased  from  Roche  Biochemicals  (Indianapolis,  IN). 
ML-9  was  purchased  from  Calbiochem  (La  Jolla,  CA).  The 
recombinant  adenovirus  expressing  green  fluorescent  pro¬ 
tein  (Ad-GFP)  was  a  gift  from  Kim  A.  Heidenreich  (Uni¬ 
versity  of  Colorado  Health  Sciences  Center,  Denver,  CO), 
and  the  adenoviral  expression  vector  encoding  a  hemagglu¬ 
tinin-tagged  (HA)  dominant-negative  Akt  (Ad-dnAkt)  was  a 
gift  from  Wataru  Ogawa  (Kobe  University,  Hyogo,  Japan). 

Granule  neuron  cultures  were  obtained  from  dissociated 
cerebella  of  7- 8-day-old  rats  as  described  previously  [8]. 
Cells  were  plated  in  Basal  Eagle’s  medium  with  Earles 
salts  (BME)  supplemented  with  10%  fetal  bovine  serum 
(FBS),  25  mM  KC1,  2  mM  glutamine  (Gibco-BRL),  and 
100  pg/ml  gentamycin  on  dishes  coated  with  poly-L-lysine 
in  24-well  dishes  at  a  density  1.0  xlO6  cells/well  or 
1.0  x  107  cells/60  mm  dish.  Cytosine  arabinofuranoside 
(10  pM)  was  added  to  the  culture  medium  18-22  h  after 
plating  to  prevent  replication  of  non-neuronal  cells.  Unless 
indicated  otherwise,  cultures  were  maintained  for  6-7  days 
prior  to  experimental  treatments.  For  this,  the  cells  were 
rinsed  once  and  then  maintained  in  low  K+  medium 
(serum-free  BME  medium,  5  mM  KC1)  with  or  without 
the  agents,  or  in  high  K+  medium  (serum- free  BME 
medium,  supplemented  with  20  mM  KC1).  The  final 
concentrations  of  various  factors  and  agents  were  as 


follows:  25  mM  KC1  in  HK  medium,  50  ng/ml  IGF,  10 
pM  forskolin,  and  10  mM  lithium  chloride. 

Neuronal  survival  was  quantified  by  the  MTT  assay  as 
previously  described  [29].  Briefly,  the  tetrazolium  salt  MTT 
[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H  tetrazolium 
bromide]  was  added  to  the  cultures  at  a  final  concentration 
of  1  mg/ml,  and  incubation  of  the  culture  was  continued  in 
the  C02  incubator  for  a  further  30  min  at  37  °C.  The  assay 
was  stopped  by  adding  lysis  buffer  [20%  SDS  in  50%  N,N- 
dimethyl  formamide,  pH  4.7].  The  absorbance  was  mea¬ 
sured  spectrophotometrically  at  570  nm  after  an  overnight 
incubation  at  room  temperature.  The  absorbance  of  a  well 
without  cells  was  used  as  background  and  subtracted. 
Results  obtained  using  the  MTT  assays  were  confirmed  by 
quantifying  apoptotic  cells  following  4'  ,6'  -diamidino-2- 
phenylindole  hydrochloride  (DAPI)  staining.  For  this,  the 
proportion  of  apoptotic  cells  (condensed  and  fragmented 
nuclei)  was  calculated  as  a  percentage  of  the  total  cells 
counted  from  5  microscopic  fields  (  x  400).  Data  are  pre¬ 
sented  as  mean  ±  standard  deviation  (S.D.).  Statistical  anal¬ 
ysis  was  performed  using  ANOVA  and  Student- Neuman  - 
Keuls’  test. 

To  prepare  whole-cell  lysates  for  Western  blots,  the 
culture  medium  was  discarded,  the  neurons  washed  twice 
with  ice-cold  phosphate-buffered  saline  (PBS),  and  lysed  in 
lysis  buffer  (1%  Triton,  20  mM  Tris-HCl  (pH  7.5),  150 
mM  NaCl,  1  mM  Na2EDTA,  1  mM  EGTA,  2.5  mM 
sodium  pyrophosphate,  1  mM  beta-glycerophosphate,  1 
mM  Na3V04,  1  pg/ml  leupeptin  and  IX  protease  inhibitor 
mixture).  Protein  concentrations  were  measured  using  a 
Bradford  protein  assay  kit  (Bio-Rad),  and  equivalent 
amounts  of  protein  were  mixed  with  6  x  SDS-PAGE 
sample  buffer.  Following  heating  at  95  °C  for  5  min, 
proteins  were  subjected  to  SDS-polyacrylamide  gel  electro¬ 
phoresis  and  transferred  electrophoretically  to  polyvinyli- 
dene  difluoride  membrane  (PVDF;  Bio  Rad).  After  staining 
with  Ponceau  S  to  verify  uniformity  of  protein  loads/ 
transfer,  the  membranes  were  analyzed  for  immunoreactiv- 
ity.  Incubation  with  primary  antibodies  was  performed 
overnight  at  4  °C  and  with  secondary  antibodies  for  1  h  at 
room  temperature.  Immunoreactivity  was  developed  by 
enhanced  chemiluminescence  (ECL;  Amersham)  and  visu¬ 
alized  by  autoradiography. 

The  hemagglutinin-tagged  (HA)  dominant-negative  Akt 
(Ad-dnAkt)  consists  of  two  mutations  where  the  phosphor¬ 
ylation  sites  at  threonine  308  (T308)  and  serine  473  (S473) 
are  mutated  to  yield  a  phosphorylation-deficient  inactive 
protein.  Ad-dnAkt  and  Ad-GFP  are  propagated  in  HEK293T 
cells  and  purified  by  cesium  chloride  density  gradient 
centrifugation.  After  quantification  of  titer,  virus  at  a  multi¬ 
plicity  of  infection  (MOI)  of  50  are  used  to  infect  granule 
neuron  cultures  5  days  after  plating  by  direct  addition  to  the 
medium.  Treatments  are  performed  24  h  after  addition  of 
virus.  Infected  neurons  were  detected  by  GFP  fluorescence 
or  by  positive  staining  for  HA  by  immunocytochemistry 
procedures  as  described  previously  [29].  The  proportion  of 
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apoptotic  cells  (condensed  or  fragmented  nuclei)  as  a  per¬ 
centage  of  total  infected  neurons  was  quantified  following 
DAPI-staining. 

When  cultures  of  cerebellar  granule  neurons  are 
switched  from  media  containing  depolarizing  levels  of 
potassium,  HK,  to  media  containing  physiological  concen¬ 
trations  of  K+  (5  mM,  referred  to  as  low  potassium,  LK), 
they  die  by  apoptosis  [8,38,52].  At  8  h  following  a  switch 
to  LK,  neurons  begin  to  exhibit  characteristic  apoptotic 
morphological  changes  including  cellular  shrinkage,  chro¬ 
matin  condensation  and  nucleosomal  fragmentation.  At  24 
h  following  LK-treatment,  50%  of  the  neurons  will  have 
undergone  apoptosis.  Our  lab  and  others  have  found  that 
cyclic  AMP  elevating  agents  and  analogs,  IGF-1,  and 
lithium  can  maintain  the  survival  of  cultures  although  not 
as  effectively  as  HK  [8-10,16,52].  In  addition,  we  recently 
showed  that  all  four  survival  factors  activate  Akt.  In  an 
effort  to  determine  the  necessity  of  Akt  in  the  survival 
mediated  by  each  factor  we  first  used  ML-9,  which  has 
been  used  as  pharmacological  inhibitor  of  Akt  in  adipo¬ 
cytes,  myoblasts,  endothelial,  and  hepatocellular  carcino¬ 
mas  cells  [6,19,47,48]. 

In  cerebellar  granule  neurons,  as  shown  in  Fig.  1, 
increasing  concentrations  of  ML-9  lead  to  decreases  in  the 
levels  of  Akt  phosphorylation  at  S473  in  response  to  IGF-1 
stimulation.  These  decreases  in  Akt  phosphorylation  coin¬ 
cide  with  decreases  in  the  levels  of  phosphorylated  GSK-3|3. 
This  suggests  that  the  activity  of  Akt  is  reduced  by  phar¬ 
macological  inhibition  using  ML-9,  given  that  GSK-3|3  is 
downstream  of  Akt  in  the  signaling  directed  by  IGF-1 
[3,4,21,23,42]. 

After  demonstrating  that  ML-9  could  reduce  the  levels  of 
phosphorylated  Akt  and  GSK-3|3,  thus  affecting  signaling 
through  Akt,  we  examined  the  survival  of  granule  neurons 
with  each  of  the  four  survival  factors  in  the  presence  of  ML- 
9.  Fig.  2  depicts  the  effects  of  Akt  inhibition  with  ML-9  in 
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Fig.  1 .  ML-9  inhibits  Akt.  Seven-day-old  cerebellar  granule  neuron  cultures 
were  switched  to  LK  media  for  2  h  to  cause  downregulation  of  basal  Akt 
activity.  A  50  ng/ml  IGF-1  was  then  added  for  15  min  to  stimulate  Akt 
activity.  Two  cultures  were  treated  with  ML-9  30  min  prior  to  stimulation 
with  IGF-1.  Akt  and  GSK-3  phosphorylation  were  measured  by  Western 
blot  using  phosphorylation-specific  antibodies.  The  same  blot  was  then 
probed  with  a  tubulin  antibody.  Similar  results  were  obtained  in  three 
separate  experiments. 


Fig.  2.  Pharmacological  inhibition  of  Akt  reduces  survival  mediated  by 
IGF-1  and  lithium.  Cerebellar  granule  neurons  were  treated  with  10  pM 
forskolin,  25  mM  HK,  50  ng/ml  IGF-1,  or  10  mM  lithium  in  the  absence  or 
presence  of  ML-9  at  20  pM.  Cell  viability  was  measured  by  the  MTT  assay 
24  h  later  and  is  expressed  as  a  percentage  of  the  HK  control.  Data  represent 
the  means  ±  S.D.  from  three  separate  experiments,  each  performed  in 
duplicate.  *  indicates  significance  at  p<  0.001.  Similar  results  were 
obtained  using  DAPI-staining  to  quantify  apoptotic  cells  (condensed  or 
fragmented  nuclei). 

the  survival  mediated  by  forskolin,  HK,  IGF-1,  and  lithium. 
For  these  experiments,  cultures  were  switched  to  media 
containing  one  of  the  four  survival  factors  in  the  presence  or 
absence  of  ML-9,  and  the  viability  was  measured  24  h  later. 
Both  IGF-1  and  lithium-mediated  survival  were  dramatical¬ 
ly  decreased  following  incubation  with  ML-9  while  forsko¬ 
lin,  which  increases  intracellular  cyclic  AMP  levels,  and 
HK-mediated  survival  were  only  slightly  affected. 

A  drawback  with  using  ML-9  to  inhibit  Akt  is  that  ML-9 
has  been  shown  to  inhibit  a  variety  of  other  kinases 
including  PKA,  PKC,  and  myosin  light  chain  kinase 
(MLCK),  and  the  results  obtained  could  reflect  inhibition 
other  than  Akt.  Moreover,  recent  work  by  some  groups  has 
lead  to  the  development  of  three  potent  and  selective 
phosphatidylinositol  analogue  Akt  inhibitors  [22,30].  How¬ 
ever,  in  our  hands,  two  of  these  inhibitors  had  little  to  no 
effect  on  Akt  activation  or  survival  mediated  by  IGF-1  (data 
not  shown).  Therefore,  to  more  accurately  predict  the 
necessity  of  Akt  in  the  survival  directed  by  each  factor, 
we  infected  granule  neuron  cultures  with  an  adenoviral 
vector  expressing  an  Akt  functional  mutant  (Ad-dnAkt). 

Twenty-four  hours  after  infecting  granule  neurons  cul¬ 
tures  with  Ad-dnAkt  or  an  Ad-GFP  control  vector  at  an 
MOI  of  50,  the  culture  medium  was  replaced  with  forskolin, 
HK,  IGF-1,  or  lithium  for  24  h.  As  seen  in  Fig.  3,  blockade 
of  Akt  signaling  causes  apoptosis  in  nearly  60%  of  infected 
neurons  in  IGF-1  signaling,  similar  to  previous  reports  [12]. 
In  addition,  blockade  of  Akt  signaling  resulted  in  the  death 
of  70%  of  the  infected  neurons  in  the  survival  directed  by 
lithium.  On  the  other  hand,  functional  inhibition  of  Akt  in 
HK  or  forskolin  had  no  effect  on  survival,  suggesting  that 
although  Akt  may  contribute  to  survival  in  HK  and  for- 
skolin,  it  is  not  required  to  mediate  survival. 


PC.  Chin,  S.R.  D’Mello  /  Molecular  Brain  Research  127  (2004)  140-145 


143 


Fig.  3.  Akt  is  necessary  for  survival  mediated  by  IGF-1  and  lithium,  but 
dispensable  for  forskolin  and  HK.  Five-day-old  neuronal  cultures  were 
infected  with  adenoviral  vectors  expressing  either  GFP  or  hemagglutinin 
(HA)-tagged  dominant-negative  Akt.  The  next  day  the  cultures  were 
switched  to  LK  medium  containing  10  pM  forskolin,  25  mM  HK,  50  ng/ml 
IGF-1,  or  10  mM  lithium  for  24  h.  Infected  neurons  were  detected  by  GFP 
fluorescence  or  positive  staining  for  HA  by  immunocytochemistry,  and 
following  DAPI  staining,  the  proportion  of  apoptotic  cells  (condensed  or 
fragmented  nuclei)  as  a  percentage  of  total  infected  neurons  was  quantified. 
Data  represent  the  means  ±  S.D.  from  three  separate  experiments,  each 
performed  in  duplicate.  *  indicates  significance  at  p<  0.001. 

Akt  is  a  potent  survival-promoting  molecule  that  has 
been  shown  to  be  necessary  for  survival  of  a  variety  of 
neurons  and  non-neuronal  cells  (for  review,  Refs.  [24,45]). 
Akt  is  activated  by  phosphorylation  of  two  important  sites, 
T308  and  S473.  Mutational  analysis  has  demonstrated  that 
phosphorylation  of  T308  is  sufficient  to  activate  Akt,  but 
phosphorylation  of  both  residues  is  required  for  maximal 
activation  [24,45].  In  cerebellar  granule  neurons,  Akt  is 
phosphorylated  by  HK,  IGF-1,  cyclic  AMP,  and  lithium, 
though  by  distinct  patterns;  while  HK  and  cyclic  AMP 
stimulate  phosphorylation  at  T308  only,  treatment  with 
lithium  phosphorylates  S473  but  not  T308  [31].  IGF-1  on 
the  other  hand,  stimulates  phosphorylation  at  both  residues. 
Despite  the  differences  in  the  pattern  of  phosphorylation,  all 
four  survival-promoting  agents  activate  Akt  activity  [31]. 
We  report  that  the  survival-promoting  effects  of  IGF-1  and 
lithium  are  dependent  on  Akt.  Treatment  with  a  pharmaco¬ 
logical  agent  that  causes  reduction  of  Akt  activity  and  direct 
inhibition  of  Akt  by  overexpression  of  a  dominant-negative 
construct  dramatically  reduce  the  effectiveness  of  IGF-1  and 
lithium  to  maintain  survival.  In  contrast,  HK  and  cAMP  are 
not  affected  by  Akt  inhibition.  Li  et  al.  [33]  have  also 
reported  that  cAMP-mediated  neuronal  survival  occurred  by 
an  Akt-independent  manner.  Taken  together,  these  observa¬ 
tions  raise  the  possibility  that  phosphorylation  of  S473  is  of 
particular  significance  to  the  ability  of  Akt  in  sustaining 
neuronal  survival.  The  precise  mechanism  by  which  this 
may  be  mediated  is  unclear.  It  is  conceivable  that  phosphor¬ 
ylation  at  S473  could  permit  Akt  to  interact  with  specific 
molecules.  Interaction  between  Akt  and  the  scaffold  protein 
JNK-interacting  protein  (JIP)  leading  to  inhibition  of  Jun-N- 


terminal  kinase  (JNK)  and  thus  c-Jun  activity  has  previously 
been  reported  [26]. 

Assuming  that  the  survival  pathways  activated  by  the 
different  survival  factors  do  converge,  our  results  indicate 
that  although  a  potent  survival-promoting  molecule,  Akt  is 
not  a  convergent  point.  Another  possible  candidate  is  GSK- 
3.  GSK-3  is  activated  during  apoptosis  in  many  paradigms 
and  inhibition  of  GSK-3  has  been  shown  to  promote  cell 
survival  (for  review,  Ref.  [15]).  Activation  of  GSK-3  has 
been  shown  to  be  a  downstream  target  of  Akt  and  is  thus 
inactivated  by  neurotrophic  factors  such  as  IGF-1  and  NGF 
[3,4,21,23,42].  In  addition,  GSK-3  is  inhibited  by  PKA  in 
cerebellar  granule  neurons  and  other  cell  types  [14,33]. 
Finally,  the  ability  of  lithium  to  inhibit  GSK-3  is  well 
established  [2,9,40].  Nuclear  factor-KB  (NF-kB)  represents 
another  potential  convergent  point  [29,50].  HK,  cAMP,  and 
IGF-1  stimulate  the  binding  activity  of  NF-kB  and  the 
effectiveness  of  these  factors  to  promote  survival  of  granule 
neurons  is  blocked  by  pharmacological  inhibition  of  NF-kB 
[29].  Yet  another  candidate  is  the  cAMP  response  element 
binding  protein  (CREB).  Both  HK  and  growth  factors  have 
been  shown  to  phosphorylate  and  activate  CREB  (for 
review,  Ref.  [34]). 

In  summary,  using  a  combination  of  pharmacological  and 
molecular  biological  approaches  we  demonstrate  that  neuro¬ 
nal  survival  can  be  mediated  by  Akt-dependent  or  Akt- 
independent  mechanisms.  The  signaling  pathway  by  which 
Akt  sustains  the  survival  of  neurons  and  non-neuronal  cells 
has  been  under  intense  investigation.  Identifying  the  molec¬ 
ular  components  of  the  Akt-independent  pathway  would 
further  our  understanding  of  how  neuronal  survival  is  regu¬ 
lated  and  would  provide  additional  avenues  for  the  develop¬ 
ment  of  therapeutic  strategies  for  neurodegenerative  diseases. 
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Abstract 

Cerebellar  granule  neurons  undergo  apoptosis  when  switched 
from  a  medium  containing  high  potassium  (HK)  to  one  that 
has  low  potassium  (LK).  LK-induced  cell  death  is  blocked  by 
GW5074  {5-lodo-3-[(3,5-dibromo-4-hydroxyphenyl)  methy- 
lene]-2-indolinone},  a  synthetic  drug  that  inhibits  c-Raf  activity 
in  vitro.  GW5074  has  no  direct  effect  on  the  activities  of  sev¬ 
eral  apoptosis-associated  kinases  when  assayed  in  vitro.  In 
contrast  to  its  effect  in  vitro,  treatment  of  neurons  with 
GW5074  causes  c-Raf  activation  (when  measured  in  vitro  in 
the  absence  of  the  drug)  and  stimulates  the  Raf-MEK-ERK 
pathway.  Treatment  of  neurons  with  GW5074  also  leads  to  an 
increase  in  the  activity  of  B-Raf,  which  is  not  inhibited  by 
GW5074  in  vitro  at  concentrations  at  which  the  drug  exerts  its 
neuroprotective  effect.  PD98059  and  U0126,  two  distinct 
inhibitors  of  MEK,  block  the  activation  of  ERK  by  GW5074  but 
have  no  effect  on  its  ability  to  prevent  cell  death.  Overex¬ 
pression  of  a  dominant-negative  form  of  Akt  does  not  reduce 
the  efficacy  of  GW5074,  demonstrating  an  Akt-independent 


mechanism  of  action.  Neuroprotection  is  inhibited  by  SN-50,  a 
specific  inhibitor  of  nuclear  factor-kappa  B  (NF-kB)  and  by  the 
Ras  inhibitor  S-trans,  frans-farnesylthiosalicylic  acid  (FTS) 
implicating  NF-kB  and  Ras  in  the  neuroprotective  signaling 
pathway  activated  by  GW5074.  In  addition  to  preventing 
LK-induced  apoptosis,  treatment  with  GW5074  protects 
against  the  neurotoxic  effects  of  MPP+  and  methylmercury  in 
cerebellar  granule  neurons,  and  glutathione  depletion-induced 
oxidative  stress  in  cortical  neurons.  Furthermore,  GW5074 
prevents  neurodegeneration  and  improves  behavioral  out¬ 
come  in  an  animal  model  of  Huntington’s  disease.  Given  its 
neuroprotective  effect  on  distinct  types  of  cultured  neurons,  in 
response  to  different  neurotoxic  stimuli,  and  in  an  animal 
model  of  neurodegeneration,  GW5074  could  have  therapeutic 
value  against  neurodegenerative  pathologies  in  humans. 
Keywords:  B-Raf,  cerebellar  granule  neurons,  Huntington’s 
disease,  neurodegeneration,  neuroprotection. 
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Aberrant  apoptosis  is  a  common  feature  in  a  variety  of 
neurodegenerative  diseases,  in  neuropathological  conditions 
such  as  stroke  and  following  traumatic  brain  injury.  Much  of 
our  knowledge  of  how  neuronal  apoptosis  is  regulated  has 
come  from  in  vitro  paradigms  using  primary  cultures  of 
neurons,  and  several  molecules  involved  in  promoting 
neuronal  apoptosis  have  been  identified  (reviewed  in  Desh- 
mukh  and  Johnson  1997;  D’Mello  1998;  Chang  et  al.  2002; 
Mattson  2000).  Among  these  is  the  transcription  factor  c-jun, 
which  is  phosphorylated  and  activated  during  the  apoptotic 
process  (Estus  et  al.  1994;  Ham  et  al.  1995;  Watson  et  al. 
1998).  Phosphorylation  of  c-jun  is  mediated  by  jun 
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N-terminal  kinase  (JNK;  Eilers  et  al.  1998),  which  can  be 
encoded  by  three  genes-  JNK1 ,  JNK2,  and  JNK3  (reviewed  in 
Barr  and  Bogoyevitch  2001;  Weston  and  Davis  2002). 
Although  the  JNKs  can  be  activated  in  vitro  by  MKK4  or 
MKK7,  only  MKK7  appears  to  be  involved  in  stimulating 
c-jun  phosphorylation  during  neuronal  apoptosis  (Eilers  et  al. 
1998;  Trotter  et  al.  2002).  Members  of  the  mixed  lineage 
kinase  (MLK)  family  lie  upstream  of  MKK4  and  MKK7  (Xu 
et  al.  2001;  Harris  et  al.  2002).  Several  lines  of  evidence  also 
implicate  an  abortive  re-entry  into  the  cell  cycle  caused  by 
activation  of  certain  cyclin-dependent  kinases  (Cdks)  as  a 
critical  feature  of  neuronal  apoptosis  (reviewed  in  Copani 
et  al.  2001;  Liu  and  Greene  2001;  O’Hare  et  al.  2002). 

In  the  presence  of  survival-promoting  stimuli  such  as 
neuronal  activity  or  neurotrophic  growth  factors,  the  activa¬ 
tion  of  pro-apoptotic  molecules  is  blocked.  One  signaling 
pathway  involved  in  the  promotion  of  growth  factor-mediated 
neuronal  survival  is  the  phosphatidylinositol  3 -kinase 
(PI-3K)-Akt  pathway  (Datta  et  al.  1997;  Dudek  et  al.  1997; 
Crowder  and  Freeman  1998).  Once  activated,  Akt  phos- 
phorylates  a  number  of  pro-apoptotic  molecules  including  the 
Bcl-2  protein  BAD,  the  Forkhead  transcription  factor,  glyco¬ 
gen  synthase  kinase-3  (GSK-3)  and  caspase-9  (for  a  review, 
see  Brunet  et  al.  2001)  leading  to  their  inactivation.  Another 
signaling  pathway  that  has  been  implicated  in  the  promotion 
of  neuronal  survival,  at  least  in  some  systems,  is  the  Raf- 
MEK-ERK  pathway  (Villalba  et  al.  1997;  Anderson  and 
Tolkovsky  1999;  Bonni  et  al.  1999;  Mazzoni  et  al.  1999;  Han 
and  Holtzman  2000).  In  this  pathway,  Raf  is  recruited  to  the 
plasma  membrane  and  directly  interacts  with  GTP-Ras.  Upon 
activation,  Raf  phosphorylates  mitogen-activated  protein 
kinase  (MEK),  which  in  turn  phosphorylates  and  activates 
extracellular  signal-regulated  kinases  (ERK1/2).  In  neuronal 
populations  in  which  the  Raf-MEK-ERK  pathway  sustains 
neuronal  survival,  ERK  activation  leads  to  the  activation  of 
the  CREB  transcription  factor  or  the  inactivation  of  BAD 
(Bonni  et  al.  1999).  Although  the  ERK  pathway  is  the  major 
effector  of  Raf,  recent  evidence  suggests  that  it  is  not  the  only 
one  (reviewed  in  Baccarini  2000;  Hindley  and  Kolch  2002). 
Mammals  possess  three  Raf  proteins:  c-Raf  (also  called 
Raf-1),  A-Raf,  and  B-Raf  (reviewed  in  Baccarini  2000; 
Dhillon  and  Kolch  2002;  Hindley  and  Kolch  2002).  While 
c-Raf  is  expressed  ubiquitously,  the  expression  of  B-Raf  is 
restricted  primarily  to  the  nervous  system.  Additionally, 
B-Raf  is  the  most  potent  activator  of  MEK  and  A-Raf  is  the 
weakest.  Mice  deficient  in  each  of  the  three  Raf  genes  have 
been  generated.  While  mice  deficient  in  A-Raf  are  viable 
albeit  with  minor  gastrointestinal  and  neurological  defects, 
disruption  of  either  c-Raf  or  B-Raf  results  in  embryonic 
lethality  (Wojnowski  et  al.  1997;  Huser  et  al.  2001;  Mikula 
et  al.  2001).  Interestingly,  sensory  neurons  and  motoneurons 
cultured  from  B-Raf-deficient  embryos  (but  not  from  c-Raf  or 
A-Raf  deficient  embryos)  fail  to  survive  in  response  to 
neurotrophic  factors  (Wiese  et  al.  2001). 


The  wealth  of  knowledge  that  has  been  recently  generated 
about  the  molecular  regulation  of  neuronal  apoptosis  has 
permitted  the  rational  design  of  drugs  to  reduce  or  prevent 
neuronal  loss  in  neuropatholgies.  Much  effort  towards 
development  of  neuroprotective  agents  has  focused  on  target 
molecules  such  as  the  JNKs,  MLKs,  cdks,  and  the  caspases 
(reviewed  in  O’hare  et  al.  2002;  Saporito  et  al.  2002;  Vila 
and  Przedborski  2003).  We  now  show  that  a  c-Raf  inhibitor 
GW5074  (5-Iodo-3-[(3,5-dibromo-4-hydroxyphenyl)  methy¬ 
lene] -2-indolinone}  is  a  potent  inhibitor  of  neurodegenera¬ 
tion  both  in  cell  culture  paradigms  and  in  an  animal  model. 
To  our  knowledge,  this  is  the  first  demonstration  of 
neuroprotection  by  pharmacological  inhibition  of  c-Raf. 
Based  on  its  strong  neuroprotective  effects  on  cultured 
neurons  GW5074  could  have  therapeutic  value  against 
neurodegenerative  pathologies. 

Experimental  procedures 

Materials 

Unless  specified  otherwise,  all  chemicals,  including  GW5074,  were 
purchased  from  Sigma  Chemicals  (St.  Louis,  MO,  USA).  All 
antibodies  used  in  this  study  were  purchased  from  Cell  Signaling, 
Inc.  (Beverly,  MA,  USA)  unless  specified  otherwise.  Monoclonal 
antibodies  to  c-Raf  were  purchased  from  BD  Transduction  Labor¬ 
atories  (San  Jose,  CA,  USA)  and  Santa  Cruz  Biotechnology  (Santa 
Cruz,  CA,  USA)  and  a  monoclonal  antibody  to  B-Raf  was 
purchased  from  Santa  Cruz  Biotechnology.  PD98059,  S-trans, 
/nms'-farnesylthiosalicyclic  acid  (FTS)  was  purchased  from  Calbi- 
ochem  (La  Jolla,  CA,  USA),  U0126  was  purchased  from  Cell 
Signaling  Technology  (Beverly,  MA,  USA),  and  ZM336372  was 
purchased  from  Tocris  (Ellisville,  MO,  USA).  The  recombinant 
adenovirus  expressing  green  fluorescent  protein  (Ad-GFP)  was  a  gift 
from  Kim  A.  Heidenreich  (University  of  Colorado  Health  Sciences 
Center,  Denver,  CO,  USA),  and  the  adenoviral  expression  vector 
encoding  a  hemagglutinin-tagged  (HA)  dominant-negative  Akt 
(Ad-dnAkt)  was  gifted  by  Wataru  Ogawa  (Kobe  University,  Hyogo, 
Japan).  The  expression  plasmid  encoding  a  kinase-dead  GST-MEK1 
K97M  was  a  kind  gift  of  Melanie  Cobb  (University  of  Texas 
Southwestern,  Dallas,  TX,  USA). 

Cell  culture  and  treatments 

Granule  neuron  cultures  were  obtained  from  dissociated  cerebella  of 
7-8  day  old  rats  as  described  previously  (D’Mello  et  al.  1993). 
Cells  were  plated  in  basal  Eagle’s  medium  with  Earle’s  salts  (BME) 
supplemented  with  10%  fetal  bovine  serum,  25  ium  KC1,  2  uim 
glutamine  (Gibco-BRL),  and  100  pg/mL  gentamycin  on  dishes 
coated  with  poly  L-lysine  in  24-well  dishes  at  a  density  1.0  x  106 
cells/well,  1.2  x  107  cells/60  mm  dish,  or  3.0  x  107  cells/100  mm 
dish.  Cytosine  arabinofuranoside  (10  jjm)  was  added  to  the  culture 
medium  1 8-22  h  after  plating  to  prevent  replication  of  non-neuronal 
cells.  Cultures  were  maintained  for  6-7  days  prior  to  experimental 
treatments.  For  this,  the  cells  were  rinsed  once  and  then  maintained 
in  low  K+  medium  (serum-free  BME  medium,  5  ium  KC1)  or  high 
K+  medium  (serum-free  BME  medium,  supplemented  with  20  ium 
KC1).  When  used  to  treat  cultures,  GW5074  was  added  at  the  time 
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when  cells  were  switched  to  LK  medium.  Treatment  of  cultures  with 
pharmacological  inhibitors  was  initiated  1 5  min  prior  to  rinsing  and 
was  maintained  through  the  subsequent  incubation  in  LK  or  HK 
medium  unless  specified  otherwise.  For  MPP+  and  methylmercury 
treatments,  7-8-day-old  cultures  were  switched  to  HK  medium 
containing  200  pM  MPP+  or  0.5  pM  methylmercury.  Viability  was 
assayed  24  h  later.  Glutamate-induced  excitotoxicity  was  performed 
on  8 -day-old  cultures.  Briefly,  culture  medium  was  removed  and 
kept  at  room  temperature.  Cells  were  washed  twice  with  Locke’s 
solution  (154  mM  NaCl,  5.6  mM  KC1,  2.3  mM  CaCl2,  5  mM  HEPES, 
pH  7.4)  and  incubated  at  room  temperature  for  30  min  in  Locke’s 
solution  containing  100  pM  glutamate  and  1  pM  glycine.  After 
treatment,  the  Locke’s  solution  was  removed,  the  cells  washed,  and 
the  original  culture  medium  added  again.  Cell  viability  was 
measured  24  h  later. 

Cortical  cultures  were  obtained  from  the  cerebral  cortex  of 
Sprague-Dawley  rats  (day  17  of  gestation)  as  described  previously 
(Murphy  et  al.  1990).  All  experiments  were  initiated  24-72  h  after 
plating.  Under  these  conditions  the  cells  are  not  susceptible  to 
glutamate-mediated  excitotoxicity.  For  cytotoxicity  studies,  cells 
were  rinsed  with  warm  phosphate  buffered  saline  (PBS)  and  then 
placed  in  MINIMUM  ESSENTIAL  Medium  (MEM,  Gibco  BRL) 
with  5.5  g/L  glucose,  10%  fetal  calf  serum,  2  mM  L-glutamine,  and 
100  mM  cysteine,  containing  the  glutamate  analog,  homocysteate 
(HCA,  1  mM).  HCA  was  diluted  from  100-fold  concentrated 
solutions  that  were  adjusted  to  pH  7.5.  To  evaluate  the  effects  of 
GW5074  on  HCA-induced  cytotoxicity,  GW5074  (5  nM-5  pM)  was 
added  at  the  time  cortical  neurons  were  exposed  to  HCA.  Viability 
was  assessed  24  h  later. 

Neuronal  survival 

Neuronal  survival  was  quantified  by  the  MTT  assay  as  previously 
described  (Koulich  et  al.  2001).  Briefly,  the  tetrazolium  salt  MTT 
[3 -(4,5  -dimethyl-2 -thiazofyl)-2 ,5  -diphenyl-2//-tetrazolium  bromide] 
was  added  to  the  cultures  at  a  final  concentration  of  1  mg/mL,  and 
incubation  of  the  culture  was  continued  in  the  C02  incubator  for  a 
further  30  min  at  37°C.  The  assay  was  stopped  by  adding  lysis 
buffer  [20%  sodium  dodecyl  sulfate  (SDS)  in  50%  V,V-dimethyl 
formamide,  pH  4.7].  The  absorbance  was  measured  spectrophoto- 
metrically  at  570  nm  after  an  overnight  incubation  at  room 
temperature.  The  absorbance  of  a  well  without  cells  was  used  as 
background  and  subtracted.  Data  are  presented  as  mean  ±  standard 
deviation.  Statistical  analysis  was  performed  using  anova  and 
Student-Neuman-Keuls’  test.  Besides  MTT  assays,  viability  was 
also  quantified  using  the  fluorescein-diacetate  method  (D’Mello 
et  al.  1993)  and  by  4^6'-diamidino-2-phenylindole  hydrochloride 
(DAPI)  staining  (which  reveals  apoptotic  nuclei  as  condensed  or 
fragmented).  The  results  using  these  assays  were  similar  to  those 
obtained  with  the  MTT  assay. 

Western  blotting 

For  whole-cell  lysates,  the  culture  medium  was  discarded,  the 
neurons  washed  twice  with  ice-cold  phosphate-buffered  saline 
(PBS),  and  lysed  in  lysis  buffer  [1%  Triton,  20  mM  Tris-HCl 
(pH  7.5),  150  mM  NaCl,  1  mM  Na2EDTA,  1  mM  EGTA,  2.5  mM 
sodium  pyrophosphate,  1  mM  beta-glycerophosphate,  1  mM 
Na3V04,  1  pg/mL  leupeptin  and  lx  protease  inhibitor  mixture]. 
Protein  concentrations  were  measured  using  a  Bradford  protein 


assay  kit  (Bio-Rad),  and  equivalent  amounts  of  protein  were  mixed 
with  6x  SDS  sample  buffer  [375  mM  Tris-HCl  (pH  6.8  at  25°C), 
12%  SDS,  60%  glycerol,  300  mM  dithiothreitol  (DTT),  0.012% 
bromophenol  blue].  Following  heating  at  95°C  for  5  min,  proteins 
were  subjected  to  SDS-polyacrylamide  gel  electrophoresis  (PAGE) 
and  transferred  electrophoretically  to  polyvinylidene  difluoride 
membrane  (Bio-Rad).  After  staining  with  Ponceau  S  to  verify 
uniformity  of  protein  loads/transfer,  the  membranes  were  analyzed 
for  immunoreactivity.  Incubation  with  primary  antibodies  was 
performed  overnight  at  4°C  and  with  secondary  antibodies  for  1  h 
at  room  temperature.  Immunoreactivity  was  developed  by  enhanced 
chemiluminescence  (ECL;  Amersham)  and  visualized  by  autoradio¬ 
graphy. 

Immunoprecipitation 

After  treatment,  cultures  of  7-8 -day-old  neurons  were  washed  twice 
with  ice-cold  PBS  and  lysed  in  lysis  buffer.  The  lysates  were 
centrifuged  for  10  min  at  10  000  x  g  at  4°C.  Protein  concentrations 
of  the  supernatant  were  measured  using  a  Bradford  protein  assay  kit 
(Bio-Rad),  and  equivalent  amounts  of  protein  were  incubated 
overnight  with  primary  antibody  (1.0-2  pg)  and  then  for  2  h  with 
20  pL  Protein  A/G  PLUS-Agarose  (Santa  Cruz  Biotechnology) 
Immunoprecipitates  were  collected  by  centrifugation  at  1000  x  g  for 
5  min  at  4°C  and  washed  three  times  with  lysis  buffer,  and  pellets 
resuspended  in  3x  SDS  sample  buffer,  boiled  for  4  min  and 
subjected  to  SDS-PAGE. 

In  vitro  kinase  assay 

In  general,  in  vitro  kinase  assays  were  performed  using  purified 
kinase  and  synthetic  substrates  under  standard  conditions  using  the 
Kinase  Profiling  service  of  Upstate  Biotechnology.  Briefly,  for  each 
assay  5-10  mU  of  purified  kinase  was  used.  For  GSK3(3,  cdkl, 
cdk2,  cdk3,  cdk5,  the  kinase  was  incubated  with  1  pM  GW5074  in  a 
buffer  containing  8  mM  MOPS,  pH  7.2,  0.2  mM  EDTA,  10  mM 
magnesium  acetate  and  [y-33P-ATP]  for  40  min  at  room  tempera¬ 
ture.  Kinase  activity  was  quantified  by  measuring  33P  incorporation 
by  spotting  an  aliquot  on  P30  filters,  washing  in  50  mM  phosphoric 
acid  and  scintillation  counting.  The  buffer  composition  for  c-Raf, 
JNK1,  JNK2,  JNK3,  MEK1,  MKK6,  MKK7  was  50  mM  Tris 
pH  7.5,  0.1  mM  EGTA,  10  mM  magnesium  acetate  and  [y-33P-ATP]. 
The  peptide  substrates  used  were  as  follows:  For  c-Raf,  0.66  mg/mL 
MBP;  for  cdks,  0.1  mg/mL  histone  HI;  for  JNKs,  3  pM  ATF2;  for 
MEK1,  1  pM  MAPK2;  for  MKK6,  1  pM  of  SAPK2a  and  for 
MKK7,  2  pM  JNKloc. 

Activity  of  endogenous  c-Raf  and  B-Raf  activity  was  assayed 
by  measuring  the  ability  of  kinase  immunoprecipitated  from 
neuronal  lysates  to  phosphorylate  a  kinase-dead  recombinant 
GST-MEK1  K97M  substrate.  Following  immunoprecipitation  and 
multiple  washes  with  lysis  buffer,  lysis  buffer  supplemented  with 
350  mM  NaCl,  and  kinase  buffer  (25  mM  HEPES  pH  7.4  and 
10  mM  MgCl2),  in  vitro  kinase  assays  are  performed  on  the 
immune  complexes  using  purified  recombinant  GST-MEK1  K97M 
protein  as  a  substrate  in  kinase  buffer  supplemented  with  85  pM 
ATP  for  35  min  at  30°C.  Reactions  are  stopped  by  the  addition  of 
3x  SDS  sample  buffer  and  boiled  for  five  minutes.  Proteins  are 
resolved  by  SDS-PAGE  and  subjected  to  western  blotting.  The 
level  of  phosphorylated  MEK  is  detected  by  a  phospho-MEK 
antibody. 
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Overexpression  using  adenoviral  vectors 

The  hemagglutinin-tagged  dominant-negative  Akt  (Ad-dnAkt)  con¬ 
sists  of  two  mutations  where  the  phosphorylation  sites  at  Thr308  and 
Ser473  are  mutated  to  yield  a  phosphorylation-deficient  inactive 
protein.  Ad-dnAkt  and  control  recombinant  adenovirus  expressing 
green  fluorescent  protein  (Ad-GFP)  are  propagated  in  HEK293T 
cells  and  purified  by  cesium  chloride  density  gradient  centrifugation. 
After  quantification  of  titer,  virus  at  an  MOI  of  50  are  used  to  infect 
granule  neuron  cultures  5  days  after  plating  by  direct  addition  to  the 
medium.  Treatments  are  performed  24  h  after  addition  of  virus. 
Infected  neurons  were  detected  by  GFP  fluorescence  or  by  positive 
staining  for  HA  by  immunocytochemistry  procedures  as  described 
previously  (Koulich  et  al  2001).  The  proportion  of  apoptotic  cells 
(condensed  or  fragmented  nuclei)  as  a  percentage  of  total  infected 
neurons  was  quantified  following  DAPI-staining. 

Gel  electrophoresis  mobility  shift  assay 

To  isolate  nuclei,  cells  were  incubated  for  30  min  in  buffer  A 
containing  10  mM  HEPES  pH  7.9,  0.1  mM  EDTA,  10  mM  KC1, 
1  mM  DTT,  50  mM  NaF,  50  him,  a-glycerophosphate,  5%  glycerol, 
and  1  x  protease  inhibitor  cocktail.  Following  incubation,  1/10  the 
buffer  A  volume  of  10%  NP-40  was  added  and  the  mixture  was 
vortexed  for  30  s.  Cytosolic  extracts  were  obtained  following  brief 
centrifugation.  The  remaining  nuclear  pellet  was  resuspended  in 
buffer  B  containing  20  mM  HEPES  pH  7.9,  50  mM  KC1,  300  mM 
NaCl,  0.1  mM  EDTA,  1  mM  DTT,  0.1  mM  PMSF,  10%  glycerol,  1  x 
protease  inhibitor  cocktail  and  extracted  on  ice  for  30  min,  followed 
by  microcentrifugation  at  16  000  x  g  for  10  min.  The  superna¬ 
tants  were  collected  as  nuclear  extracts.  Concentrations  of  these 
nuclear  extracts  were  determined  by  the  Bradford  method  using 
reagents  from  Bio-Rad.  Ten  micrograms  of  each  nuclear  extract 
sample  was  incubated  with  0.1  pmol  of  32P-labeled  double-stranded 
kB  binding  oligonucleotide  (5'-GCTGGGGACTTTC-3')  or  SP1 
binding  oligonucleotide  (5'-ATTCGATCGGGGCGGGGCGAGC-3') 
in  buffer  containing  1  pg  of  poly(dl-dC),  1  pg  of  bovine  serum 
albumin,  10  mM  HEPES  pH  7.6,  0.5  mM  DTT,  0.1  mM  EDTA, 
60  mM  KC1,  0.2  mM  PMSF,  5  mM  MgCl2,  and  12%  glycerol  at 
room  temperature  for  30  min.  Samples  were  analyzed  by  5%  native 
PAGE  followed  by  autoradiography. 

3-Nitropropionic  acid  treatment  and  experimental  design 

Eight- week-old  C57BL/6  male  mice  were  purchased  from  Charles 
River  Laboratories,  Inc  (Wilmington,  MA,  USA).  All  experimental 
protocols  were  in  accordance  with  the  NIH  Guide  for  the  Care  and 
Use  of  Laboratory  Animals  and  approved  by  the  Institutional 
Animal  Care  and  Use  Committee  of  the  University  of  Texas  at 
Dallas.  3-NP  was  dissolved  in  water  and  the  solution  brought  to 
pH  7.4  with  sodium  hydroxide.  3-NP  was  administered  in  10 
intraperitoneal  injections  (50-55  mg/kg  twice  a  day  for  5  days). 
GW5074  was  also  administered  intraperitoneally  at  doses  of  0.5- 
10  mg/kg  once  a  day  each  day  3-NP  was  administered.  Injections  of 
GW5074  were  performed  30-60  min  before  3-NP  administration. 
Control  animals  received  saline  injections.  On  the  day  following  the 
5  days  of  injection,  mice  were  deeply  anesthetized.  Brains  were 
removed,  washed  in  PBS,  and  rapidly  frozen  in  Cryo-Stat 
embedding  medium  obtained  from  StatLab  Medical  Products,  Inc 
(Lewisville,  TX,  USA).  Coronal  sections  were  cut  on  a  cryostat  at  50 
microns  and  stained  for  Nissl  substance  with  cresyl  violet  (Sigma). 


Behavioral  analysis 

The  Tru-Scan®  activity  monitoring  system  (Coulbom  Instruments, 
PA,  USA)  was  used  to  assess  locomotor  activity  in  mice  on  the  day 
following  the  5  days  of  injection  with  saline,  3-NP  or  a  combination 
of  3-NP  and  GW5074  (7  animals  in  each  group).  The  animal  was 
placed  in  a  Perspex  arena  (25.9  x  25.9  cm)  with  infrared  beams 
spaced  at  0.6-inch  intervals  in  the  X-Y  plane.  The  arena  was  also 
equipped  with  a  second  infrared  beam  system  at  the  Z  plane 
positioned  2.54  cm  above  the  X-Y  plane.  In  this  system  the 
movement  of  the  animal  is  accurately  assessed  by  interruptions  in 
17  x  17-grid  system  created  by  the  infrared  beams  in  both  the  X-Y 
and  Z  planes.  The  animal  was  allowed  to  remain  in  the  arena  for 
15  min,  with  data  collection  performed  during  this  period  using  the 
Tru  Scan  Line  interface  box  and  Tru  Scan  99  software,  operating 
through  a  Pentium  PC.  The  following  behavioral  parameters  were 
selected:  (i)  Total  movements  episodes:  each  movement  in  the  floor 
plane  is  a  series  of  coordinate  changes  with  no  rest  for  at  least  1 
sample  interval;  (ii)  total  movement  distance:  the  sum  of  all  vectored 
X-Y  coordinate  changes  in  the  floor  plane;  (iii)  mean  velocity:  the 
mean  velocity  of  all  X-Y  coordinate  change  defined  movements; 
and  (iv)  vertical  plane  entries:  the  total  number  of  times  any  part  of 
the  animal  entered  the  vertical  plane  (Z  plane). 

Results 

GW5074  inhibits  LK-induced  apoptosis  in  cerebellar 
granule  neurons 

Cultured  cerebellar  granule  neurons  undergo  apoptosis  when 
switched  from  HK  to  medium  containing  LK  (D’Mello  et  al. 
1993).  Treatment  with  GW5074  prevents  LK-induced  apop¬ 
tosis  in  these  cultures  (Fig.  la,b).  Maximal  protection  against 
LK-induced  apoptosis  is  observed  at  1  |im.  Neuroprotection 
by  GW5074  is  reduced  at  5  |im  and  is  substantially  lower  at  a 
concentration  of  >  10  |im.  GW5074  has  no  effect  on  neuronal 
survival  in  HK  medium  (data  not  shown). 

GW5074  is  a  potent  and  specific  inhibitor  of  c-Raf 
in  vitro 

Lackey  et  al  (2000),  reported  that  GW5074  is  a  potent 
inhibitor  of  c-Raf  with  no  effect  on  the  activities  of  cdkl, 
cdk2,  c-src,  p38  MAP  kinase,  VEGFR2,  and  c-fms.  We 
examined  the  effect  of  GW5074  on  purified  c-Raf  in  vitro 
and  confirmed  that  GW5074  inhibits  c-Raf  (Table  1). 

Although  clearly  a  potent  inhibitor  of  c-Raf,  the  possibility 
that  GW5074  inhibits  other  kinases  that  may  have  pro- 
apoptotic  effects  could  not  be  excluded.  A  number  of  reports 
have  implicated  JNKs  in  the  promotion  of  neuronal  apoptosis 
both  in  vivo  and  in  cell  culture  systems  (Coffey  et  al.  2002). 
Although  all  three  JNK  proteins  are  expressed  in  neurons,  the 
phosphorylation  of  c-jun  is  believed  to  be  mediated  by  JNK2 
or  JNK3  (Bruckner  et  al.  2001;  Bruckner  and  Estus  2002; 
Coffey  et  al.  2002).  As  shown  in  Table  1,  GW5074  has  no 
direct  effect  on  the  activity  on  any  of  the  three  JNK  proteins. 
In  apoptotic  neurons,  JNK  activation  is  mediated  primarily 
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Fig.  1  GW5074  inhibits  LK-induced  neuronal  apoptosis,  (a)  Phase 
contrast  micrographs  showing  morphological  appearance  of  neuronal 
cultures  treated  with  HK,  LK  or  LK  +  1  pM  GW5074  for  24  h. 
(b)  Quantification  of  anti-apoptotic  effect  of  GW5074.  Neuronal  cul¬ 
tures  were  switched  to  medium  containing  LK,  or  LK  medium  con¬ 
taining  different  doses  of  GW5074.  Cell  viability  was  quantified  24  h 
later.  Control  cultures  received  HK  medium.  Results  shown  are  from 
three  separate  experiments.  *p  <  0.001  mean  value  ±  SD  compared 
with  viability  of  culture  receiving  LK  medium  with  no  GW5074.  Similar 
results  were  obtained  using  the  fluorescein  diacetate  viability  assay  or 
DAPI  staining  (not  shown). 


Table  1  The  activity  of  each  kinase  was  measured  in  vitro  the  pres¬ 
ence  1  pM  GW5074.  In  all  cases,  ATP  was  10  pM.  Kinase  activity  is 
expressed  as  a  percentage  of  that  in  control  assays  (without 
GW5074).  Results  are  expressed  as  mean  ±  SD 


Kinases 

%  activity 

c-Raf 

3  ±  0 

JNK1 

94  ±  3 

JNK2 

91  ±  4 

JNK3 

89  ±  9 

MEK1 

94  ±  4 

MKK6 

91  ±  4 

MKK7 

104  ±8 

CDKI/cyclin  B 

90  ±  12 

CDK2/cyclin  E 

100  ±  5 

CDK2/cyclin  A 

99  ±  0 

CDK5/p35 

94  ±  2 

CDK6/cyclin  D3 

98  ±  1 

GSK3(3 

81  ±  6 

by  MKK7  (Eilers  et  al.  1998;  Trotter  et  al.  2002).  As  shown 
in  Table  1,  GW5074  has  no  effect  of  MKK7  activity. 
Additionally,  GW5074  did  not  affect  MKK6,  a  kinase  that 
activates  p38  MAP  kinase,  another  stress-activated  MAP 


kinase  implicated  in  neuronal  apoptosis  (Table  1).  That 
GW5074  has  no  direct  effect  on  p38  MAP  kinase  itself  has 
previously  been  reported  by  Lackey  et  al.  (2000). 

Several  lines  of  evidence  indicate  that  abortive  reentry  into 
the  cell  cycle  by  activation  of  cell  cycle  components  is 
responsible  for  apoptosis  in  granule  neurons  and  other 
neuronal  types  (Park  et  al.  1997a,  1997b;  Padmanabhan 
et  al.  1999).  It  was  thus  possible  that  the  neuroprotective 
effect  of  GW5074  was  mediated  by  cdk  inhibition.  As  shown 
in  Table  1,  however,  GW5074  had  no  effect  on  the  activity  of 
any  of  the  cdks  that  were  examined. 

Treatment  of  neuronal  cultures  with  GW5074  permits 
accumulation  of  activating  modifications  on  c-Raf 

To  examine  whether  c-Raf  was  inhibited  by  GW5074  in 
granule  neurons,  culture  neurons  were  treated  with  GW5074 
and  the  lysates  used  to  immunoprecipitate  c-Raf.  The 
immunoprecipitated  c-Raf  was  used  in  in  vitro  kinase  assays 
using  GST-MEK  as  substrate  and  the  reaction  products 
subjected  to  western  analysis.  Phosphorylation  of  MEK  was 
detected  using  a  phospho-MEK  antibody.  As  shown  in 
Fig.  2(a)  c-Raf  activity  is  barely  detectable  in  untreated 
cultures  (maintained  in  medium  containing  serum  and 
potassium).  This  low  level  of  activity  remained  unchanged 
in  cultures  switched  to  LK  medium.  Surprisingly,  and  in 
apparent  contradiction  to  the  results  from  in  vitro  assays 
using  purified  kinase,  the  activity  of  c-Raf  immunoprecip¬ 
itated  from  cultures  treated  with  GW5074  in  LK  medium 
displayed  a  marked  induction  (Fig.  2a). 

c-Raf  is  inhibited  by  phosphorylation  at  Ser259  and 
activation  of  c-Raf  requires  dephosphorylation  of  this  site 
(Dhillon  and  Kolch  2002;  Hindley  and  Kolch  2002).  We 
examined  the  status  of  Ser259  phosphorylation  after  GW5074 
treatment.  When  neurons  are  switched  to  LK  medium,  there  is 
a  modest  but  sustained  increase  in  phosphorylation  of  c-Raf 
at  Ser259,  which  can  be  detected  within  10  min  (Fig.  2b). 
Although  a  rapid  increase  in  Ser259  phosphorylation  is  also 
seen  following  treatment  with  GW5074,  this  was  reduced  to  a 
level  substantially  below  basal  levels  by  30  min  of  treatment, 
again  suggesting  induction  of  c-Raf  activity  by  GW5074 
(Fig.  2b).  The  dephosphorylation  at  Ser259  by  GW5074  is 
maintained  at  1  and  3  h,  while  the  extent  of  phosphorylation 
in  LK  was  similar  to  that  of  untreated  cultures  at  these  times 
(not  shown). 

To  study  the  effect  of  GW5074  on  c-Raf  activity  further, 
we  immunoprecipitated  c-Raf  from  granule  neurons  treated 
with  GW5074  but  then  assayed  its  activity  in  vitro  in  the 
absence  or  presence  of  GW5074.  While  c-Raf  immunopre¬ 
cipitated  from  GW5074-treated  cultures  has  higher  activity 
relative  to  control  cultures  (without  GW5074),  addition  of 
GW5074  to  the  immunoprecipitated  enzyme  in  vitro  inhibits 
its  activity  (Fig.  2c)  confirming  that  GW5074  inhibits  c-Raf 
and  does  so  at  concentrations  which  are  substantially  lower 
than  1  |im,  a  dose  at  which  the  drug  is  neuroprotective.  Our 
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Fig.  3  Effect  of  ZM336372  on  neuronal  survival  and  c-Raf  activity, 

(a)  ZM336372  activates  c-Raf  in  vivo  but  is  an  inhibitor  in  vitro. 
Neuronal  cultures  were  treated  for  1  h  with  LK,  or  LK  containing  1  |tm 
GW5074  (GW)  or  50  jtm  ZM336372  (ZM)  and  lysates  were  obtained. 
Immunoprecipitated  c-Raf  from  the  lysates  was  used  in  a  kinase 
reaction  with  MEK  as  substrate.  In  one  assay  from  a  ZM336372- 
treated  culture,  10  |tm  ZM336372  was  added  to  the  kinase  reaction 
mixture  [ZM  +  ZM  (in  vitro)].  Phosphorylation  of  MEK  was  detected  by 
western  blot  analysis  using  a  phospho-MEK  antibody.  The  same  blot 
was  reprobed  with  a  c-Raf  antibody.  Similar  results  were  obtained  in  at 
least  three  separate  experiments,  (b)  ZM336372  inhibits  LK-induced 
neuronal  apoptosis.  Neuronal  cultures  were  switched  to  HK,  LK,  or  LK 
medium  containing  100  |tm  ZM336372.  Viability  was  assayed  at  24  h 
using  the  MTT  assay.  Results  shown  are  from  three  separate 
experiments.  *p  <  0.001  mean  value  ±  SD  compared  with  viability  of 
culture  receiving  LK  medium  with  no  GW5074.  The  results  were 
confirmed  using  DAPI-staining  (not  shown). 


Fig.  2  GW5074  inhibits  c-Raf  in  vitro  but  permits  activating  modifi¬ 
cations  to  accumulate  in  intact  neurons,  (a)  In  vitro  kinase  assay  using 
MEK  substrate.  Neurons  were  either  untreated  or  switched  to  LK 
medium  containing  no  additives  (LK)  or  doses  of  GW5074  (GW) 
ranging  from  0.25  to  5  |tm.  After  1  h  of  treatment,  the  cultures  were 
lysed,  and  immunoprecipitated  c-Raf  from  the  lysate  was  used  in  an 
in  vitro  kinase  assay  with  MEK  as  substrate.  The  reaction  mixture  was 
subjected  to  western  analysis  using  a  phospho-MEK  antibody  as 
probe.  The  same  blot  was  reprobed  with  an  antibody  against  c-Raf. 
Similar  results  were  obtained  in  two  additional  experiments. 

(b)  Phosphorylation  of  c-Raf  at  Ser259.  Neuronal  cultures  were  swit¬ 
ched  to  LK  medium  containing  no  additives  (LK)  or  1  |tm  GW5074  for 
0,  5,  10,  and  30  min.  The  cultures  were  lysed  and  the  lysate  subjected 
to  western  blot  analysis  using  a  phospho-Ser259-specific  antibody. 
The  blot  was  reprobed  with  an  a-tubulin  antibody  to  show  equal 
loading.  The  experiment  was  repeated  three  times  with  similar  results. 

(c)  Inhibition  of  c-Raf  by  GW5074  in  vitro.  Cultures  were  switched  to 
HK,  LK,  or  LK  medium  containing  1  |tm  GW5074  for  1  h.  The  cultures 
were  lysed,  and  immunoprecipitated  c-Raf  from  the  lysate  was  used  in 
an  in  vitro  kinase  assay  with  MEK  as  substrate.  Aliquots  of  the 
immunoprecipitate  from  the  GW5074-treated  culture  were  incubated 
with  different  doses  of  GW5074  ranging  from  0  to  5  |tm  during  the 
in  vitro  kinase  reaction.  The  reaction  mixture  was  subjected  to  western 
analysis  using  a  phospho-MEK  antibody  as  probe.  The  blot  was 
subsequently  probed  with  a  c-Raf  antibody.  The  experiment  was 
repeated  three  times  with  similar  results. 

results  are  consistent  with  a  previously  proposed  model  of 
c-Raf  regulation  where  c-Raf  inhibits  its  own  activity  by  a 
mechanism  that  is  as  yet  unclear  (Hall-Jackson  et  al.  1999a; 


reviewed  in  Kolch  2000).  Inhibition  of  c-Raf  by  compounds 
such  as  GW5074  could  allow  activating  modifications  (such 
as  Ser259  dephosphorylation)  to  accumulate  and  result  in 
higher  activity  if  the  inhibitor  is  subsequently  removed  (as 
carried  out  during  the  process  of  immunoprecipitation). 

ZM336372  is  another  pharmacological  inhibitor  of  c-Raf 
that  is  structurally  distinct  from  GW5074  (Hall-Jackson  et  al. 
1999a).  While  GW5074  inhibits  c-Raf  with  an  IC50  of  9  nM, 
ZM336372  is  somewhat  less  potent  (IC50  =  70  nM;  Hall- 
Jackson  et  al.  1999a).  However,  like  GW5074,  ZM336372 
treatment  causes  a  paradoxical  ‘activation’  of  c-Raf  in  cell 
lines.  Similarly,  immunoprecipitated  c-Raf  from  neuronal 
cultures  treated  with  ZM336372  has  elevated  activity,  which 
is  inhibited  in  vitro  by  ZM336372  (Fig.  3a).  As  shown  in 
Fig.  3(b),  ZM336372  inhibits  LK-mediated  apoptosis,  albeit 
less  effectively  and  at  a  higher  concentration  (100  |im)  than 
that  of  GW5074,  consistent  with  it  being  a  weaker  inhibitor 
of  c-Raf.  The  ability  of  an  independent  and  structurally 
distinct  pharmacological  c-Raf  inhibitor  to  promote  neuronal 
survival  suggests  that  the  neuroprotective  effect  of  GW5074 
is  either  directly  or  indirectly  due  to  its  action  on  c-Raf. 

GW5074  activates  B-Raf  in  cultured  neurons 

Activation  of  all  three  Raf  proteins  results  in  activation  of 
MEK  and  ERK.  Despite  its  inhibition  of  c-Raf,  treatment  of 
neuronal  cultures  with  GW5074  leads  to  an  increase  in  the 
phosphorylation  of  ERK  1/2  (Fig.  5a)  suggesting  that 
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Fig.  4  GW5074  activates  B-Raf  in  neurons  leading  to  ERK  phos¬ 
phorylation.  In  vitro  kinase  assay  for  B-Raf.  Neuronal  cultures  were 
switched  to  medium  containing  HK  or  LK  medium  containing  no 
additives  (LK)  or  1  pM  GW5074  (GW).  After  1  h  of  treatment,  cultures 
were  lysed,  and  B-Raf  immunoprecipitate  from  the  lysates  were  used 
in  in  vitro  kinase  assays  with  MEK  as  substrate.  Aliquots  of  the 
immunoprecipitate  from  the  GW5074-treated  culture  were  incubated 
with  different  doses  of  GW5074  ranging  from  0.25  to  5  pM  during  the 
in  vitro  kinase  reaction.  The  reaction  mixture  was  subjected  to  western 
analysis  using  a  phospho-MEK  antibody  as  probe.  The  same  blot  was 
reprobed  with  an  antibody  to  B-Raf.  Similar  results  were  obtained 
when  the  experiment  was  repeated  two  additional  times. 


GW5074  treatment  caused  the  activation  of  either  A-Raf  or 
B-Raf.  As  B-Raf  is  highly  expressed  in  the  nervous  system 
and  as  B-Raf  rather  than  c-Raf  is  the  major  stimulator  of 
ERK  (Marais  et  al.  1997;  York  et  al.  1998),  we  examined  the 
effect  of  GW5074  on  B-Raf.  As  shown  in  Fig.  4,  cerebellar 
granule  neurons  have  clearly  detectable  basal  B-Raf  activity. 
B-Raf  activity  is  elevated  further  by  treatment  with  GW5074. 

To  examine  if  like  c-Raf,  B-Raf  was  also  inhibited  by 
GW5074  in  vitro ,  we  immunoprecipitated  B-Raf  and  exam¬ 
ined  the  effect  of  the  drug  on  its  activity.  In  contrast  to 
c-Raf,  GW5074  had  no  effect  on  B-Raf  activity  when  used  at 
concentrations  of  up  to  1  pM  (Fig.  4).  GW5074  did  inhibit 
B-Raf  at  5  |im,  a  concentration  at  which  the  protective  effect 
of  the  drug  on  LK-induced  apoptosis  is  somewhat  reduced 
(see  Fig.  1). 

Neuroprotection  by  GW5074  is  MEK-ERK  independent 

Survival  of  cerebellar  granule  neurons  can  be  maintained  by 
BDNF.  This  effect  of  BDNF  is  mediated  by  the  Raf-MEK- 
ERK  signaling  pathway  (Bonni  et  al.  1999).  The  Raf-MEK- 
ERK  pathway  is  also  involved  in  promoting  survival  of  other 
neuronal  and  non-neuronal  cell  types.  A  potent  blocker  of  the 
Raf-MEK-ERK  pathway  is  PD98059  (Allessi  et  al.  1995).  In 
paradigms  in  which  the  Raf-MEK-ERK  pathway  mediates 
neuronal  survival,  such  as  BDNF-treated  cerebellar  granule 
neurons,  the  presence  of  PD98059  blocks  survival  (Bonni 
et  al.  1999).  As  shown  in  Fig.  5(a),  treatment  with  PD98059 
blocks  the  stimulation  of  ERK  by  GW5074.  This,  however, 
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Fig.  5  GW5074-mediated  neuroprotection  is  MEK-ERK  independent, 
(a)  Neuronal  cultures  were  treated  for  1  h  with  HK,  LK,  or  LK  medium 
containing  1  pM  GW5074  (GW)  in  the  absence  or  presence  of  40  pM 
PD98059  (GW  +  PD)  or  10  pM  U0126  (GW  +  U0).  Lysates  from  the 
cultures  were  subjected  to  western  blotting  using  an  antibody  specific 
for  phospho-ERK.  The  same  blot  was  reprobed  with  an  antibody 
against  total  ERK  (lower  panel).  The  experiment  was  repeated  twice 
with  similar  results,  (b)  Neuronal  cultures  were  switched  to  LK  or  LK 
medium  with  1  pM  GW5074  in  the  absence  (GW)  or  presence  of  40  pM 
PD98059  (GW  +  PD)  or  10  pM  U0126  (GW  +  U0).  Cell  viability  was 
quantified  24  h  later  and  expressed  as  percentage  of  viability  in  control 
cultures  that  received  HK  medium.  The  results  shown  come  from  three 
independent  experiments. 


had  no  effect  on  the  neuroprotective  effect  of  GW5074 
(Fig.  5b).  U0126,  a  structurally  independent  MEK  inhibitor, 
which  potently  inhibits  both  MEK1  and  MEK2  (Duncia 
et  al.  1998;  Favata  et  al.  1998;  Fig.  5(a)  also  failed  to  reduce 
survival  by  GW5074  (Fig.  5a, b).  These  results  show  that 
neuroprotection  by  GW5074  is  MEK-ERK  independent. 

GW5074  delays  down-regulation  of  Akt  activity  but 
inhibits  apoptosis  by  an  Akt-independent  mechanism 

The  best-studied  anti-apoptotic  pathway  in  neurons  is  the  PI- 
3K-Akt  signaling  pathway  (D’Mello  et  al.  1997;  Datta  et  al. 
1997;  Dudek  et  al.  1997;  Miller  et  al.  1999).  Insulin-like 
growth  factor  (IGF-1),  a  potent  survival-promoting  factor  for 
granule  neurons  mediates  its  effect  by  activating  the  PI-3K- 
Akt  pathway  (D’Mello  et  al.  1997;  Dudek  et  al.  1997).  As 
the  Raf-MEK-ERK  pathway  was  not  necessary  for  the 
neuroprotective  action  of  GW5074,  we  examined  the  possi¬ 
bility  that  GW5074  exerted  its  protective  effect  by  engaging 
this  pathway.  Cross-talk  between  Raf/Ras  and  Akt  has  been 
demonstrated  by  a  number  of  laboratories  (reviewed  in  Jun 
et  al.  1999).  As  we  have  reported,  switching  cerebellar 
granule  neurons  from  serum-containing  HK  medium  in 
which  they  are  cultured  and  allowed  to  mature,  to  serum- free 
LK  or  HK  medium,  causes  a  rapid  down-regulation  of  Akt 
phosphorylation  and  activity,  which  can  be  prevented  by 
IGF-1  (Kumari  et  al.  2001).  As  shown  in  Fig.  6(a),  GW5074 
delays  the  down-regulation  of  Akt  phosphorylation  observed 
after  LK  treatment.  GSK3  (3  is  a  pro-apoptotic  molecule  that 
is  activated  during  apoptosis  in  many  neuronal  and  non¬ 
neuronal  systems.  Under  survival  promoting  conditions 


©  2004  International  Society  for  Neurochemistry,  J.  Neurochem.  (2004)  90,  595-608 


602  P.  C.  Chin  et  al. 


(a) 


1  hr  3  hr 

I - 1  I - 1 

Unt  LK  GW1  'LK  GW1  IGF 


p-Akt  — 


P-GSK3 


Tubulin 


(b)  LK  IGF  GW 

p-Akt  — 


i _ i  i _ i 

GW  IGF-1 


Fig.  6  GW5074  maintains  Akt  activity  but  acts  through  an  Akt-inde- 
pendent  mechanism,  (a)  Lysates  from  neurons  treated  for  1  h  and  3  h 
with  LK  or  LK  medium  containing  1  ^im  GW5074  (GW)  were  subjected 
to  western  blotting  using  an  antibody  against  phospho-Akt  (Ser473). 
The  same  blot  was  reprobed  with  antibodies  against  phospho-Gsk3a/p 
and  with  a-tubulin.  Also  loaded  on  the  gel  were  lysates  from  untreated 
cultures  (maintained  in  medium  containing  serum  and  high  K  +)  and  a 
culture  treated  for  1  h  with  25  ng/mL  IGF-1.  The  results  were  repro¬ 
duced  in  two  other  experiments,  (b)  Neuronal  cultures  were  switched 
to  LK  medium  for  2  h  to  down-regulate  basal  Akt  activity.  The  medium 
was  then  supplemented  with  no  additives  (LK),  25  ng/mL  IGF-1 ,  or 
1  i^m  GW5074  (GW)  for  30  min.  The  lysates  from  these  cultures  were 
used  for  western  blotting  with  an  antibody  for  phospho-Akt  (Ser473). 
The  results  shown  are  representative  of  three  experiments,  (c)  Five- 
day-old  neuronal  cultures  were  infected  with  adenoviral  vectors 
expressing  either  GFP  or  hemaglutinin  (HA)-tagged  dominant-negat¬ 
ive  Akt.  The  next  day  the  cultures  were  switched  to  LK  medium  con¬ 
taining  1  [im  GW5074  (GW)  or  25  ng/mL  IGF-1  (IGF).  Infected 
neurons  were  detected  by  positive  staining  for  GFP  or  HA  by 
immunocytochemistry.  The  proportion  of  apoptotic  cells  (condensed  or 
fragmented  nuclei)  as  a  percentage  of  total  infected  neurons  was 
quantified  following  DAPI-staining. 


GSK3|3  is  kept  inactivated  by  phosphorylation,  a  modifica¬ 
tion  that  can  be  induced  by  Akt.  As  shown  in  Fig.  6(a), 
GW5074  prevents  the  activation  of  GSK3(3  that  occurs  after 
the  switch  to  LK  medium.  Another  pro-apoptotic  molecule 
that  is  phosphorylated  and  inactivated  by  Akt  is  the 
transcription  factor,  Forkhead  (Brunet  et  al.  1999). 
GW5074  reduces  the  dephosphorylation  of  Forkhead  that  is 
observed  in  LK  (data  not  shown).  Switching  of  neurons  to 
LK  medium  leads  to  a  rapid  down-regulation  of  Akt  activity 
within  2  h.  Addition  of  GW5074  to  such  cultures  does  not 


lead  to  Akt  activation.  In  contrast,  addition  of  IGF-1  causes  a 
robust  increase  in  Akt  phosphorylation  (Fig.  6b).  Thus,  while 
capable  of  temporarily  maintaining  the  activity  of  Akt  in  LK, 
treatment  with  GW5074  cannot  activate  Akt  de  novo. 

To  determine  if  Akt  activity  was  necessary  for  the 
neuroprotective  action  of  GW5074,  we  treated  neurons  with 
GW5074  after  infecting  them  with  an  adenoviral  vector 
expressing  a  dominant-negative  form  of  Akt.  While  blockade 
of  Akt  activity  using  this  approach  reduces  the  survival- 
promoting  effect  of  IGF-1,  it  had  no  effect  on  the  ability  of 
GW5074  to  maintain  neuronal  survival  (Fig.  6c).  This  result 
indicates  that  although  maintaining  Akt  activity  in  LK,  the 
neuroprotective  action  of  GW5074  is  mediated  by  an  Akt- 
independent  mechanism. 

GW5074  affects  Ras,  nuclear  factor-kappa  B  (NF-kB) 
and  c-jun 

Activation  of  c-Raf  and  B-Raf  is  often  mediated  by  Ras. 
Blockade  of  c-Raf  signaling  by  GW5074  could  lead  to  an 
accumulation  of  activated  Ras,  which  could  lead  to  the 
stimulation  of  an  alternative,  anti-apoptotic  pathway.  While 
known  to  exert  anti-apoptotic  effects  by  a  PI-3  kinase-Akt 
dependent  pathway,  Ras  has  also  been  shown  to  provide  an 
anti-apoptotic  signal  through  an  Akt-independent  mechanism 
involving  down-regulation  of  JNK  and  p38  activity  (Wolf- 
man  et  al.  2002).  To  determine  if  Ras  was  necessary  for 
GW5074-mediated  neuroprotection,  we  used  S-trans Jrans- 
famesylthiosalicylic  acid  (FTS).  FTS  is  a  cell  permeable  Ras 
antagonist  that  dislodges  Ras  from  its  membrane-anchoring 
sites  leading  to  its  degradation  and  thus  causing  a  decrease  in 
total  cellular  Ras  (Jansen  et  al.  1999).  As  shown  in  Fig.  7(a), 
treatment  with  FTS  blocks  the  neuroprotective  effect  of 
GW5074. 

Another  molecule  known  to  be  important  for  neuronal 
survival  is  NF-kB.  Activation  of  NF-kB  protects  neurons 
against  a  variety  of  apoptotic  stimuli  and  reduced  NF-kB 
activity  has  been  associated  with  neurodegeneration  both 
in  vitro  and  in  vivo  survival  (Yu  et  al.  1999;  Glazner  et  al. 
2000;  Koulich  et  al.  2001;  Yabe  et  al.  2001;  Bhakar  et  al. 
2002;  reviewed  in  Mattson  et  al.  2000).  Although  the 
precise  mechanism  has  not  been  elucidated,  c-Raf  is  known 
to  activate  NF-kB  in  non-neuronal  cells  via  a  MEK-ERK- 
independent  mechanism  (Foo  and  Nolan  1999;  Pearson 
et  al.  2000).  Because  of  the  established  role  of  NF-kB  in 
neuronal  survival  and  the  existence  of  a  signaling  pathway 
connecting  Raf  to  NF-kB,  we  considered  whether  neuro¬ 
protection  by  GW5074  involved  NF-kB.  We  first  examined 
the  effect  of  GW5074  treatment  on  the  DNA-binding 
activity  of  NF-kB.  As  shown  in  Fig.  7(b),  and  as  we  have 
previously  reported,  treatment  of  cerebellar  neuron  cultures 
with  LK  leads  to  a  down-regulation  of  NF-kB  activity.  This 
down-regulation  of  NF-kB  binding  activity  is  prevented  by 
GW5074  (Fig.  7b).  We  next  examined  if  NF-kB  was 
required  for  the  neuroprotective  effect  of  GW5074.  As 
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Fig.  7  Neuroprotection  by  GW5074  requires  Ras  and  NF-kB. 
(a)  Neuronal  cultures  were  switched  to  medium  containing  HK  or  to  LK 
medium  containing  1  pM  GW5074  in  the  absence  (GW)  or  presence  of 
10  pM  FTS  (GW  +  FTS).  Viability  was  quantified  24  h  later  and 
expressed  as  percentage  of  viability  in  HK.  *p<  0.001  mean 
value  ±  SD  compared  with  viability  of  culture  receiving  GW.  The 
results  shown  come  from  three  independent  experiments,  (b)  Nuclear 
extracts  from  cultures  treated  for  6  h  with  HK,  LK,  or  LK  medium 
containing  1  pM  GW5074  (LK  +  GW)  were  used  in  gel  mobility  shift 
assays  with  radioactively  labeled  oligonucleotide  probes  containing 
the  NF-kB  binding  site  or  the  SPI  binding  site,  (c)  Neuronal  cultures 
were  switched  to  LK  medium  containing  1  pM  GW5074  in  the  absence 
(GW)  or  presence  of  10  pM  SN-50  (GW  +  SN-50).  Viability  was 
quantified  24  h  later.  *p  <  0.001  mean  value  ±  SD  compared  with 
viability  of  culture  receiving  GW.  The  results  are  from  three  inde¬ 
pendent  experiments. 

shown  in  Fig.  7(c),  treatment  with  SN-50,  a  synthetic  cell- 
permeable  peptide  that  has  been  demonstrated  to  potently 
and  specifically  inhibit  NF-kB  activity,  blocks  the  ability 
of  GW5074  to  inhibit  LK-induced  apoptosis  indicating 
that  the  neuroprotective  effect  of  GW5074  is  NF-kB- 
dependent. 
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Fig.  8  GW5074  inhibits  apoptosis-associated  induction  of  c-jun. 
Lysates  from  neurons  treated  for  1  and  3  h  with  HK,  LK  or  LK  medium 
containing  1  pm  GW5074  (GW)  were  subjected  to  western  blotting 
using  an  antibody  against  phospho-c-jun  (Ser63).  The  same  blot  was 
reprobed  with  an  antibody  against  total  c-jun  (lower  panel).  Similar 
results  were  obtained  in  at  least  three  independent  experiments. 

Phosphorylation  of  c-jun  is  necessary  for  neuronal  apop¬ 
tosis  in  a  variety  of  paradigms  including  LK-induced  death  of 
granule  neurons  (Estus  et  al.  1994;  Ham  et  al.  1995;  Watson 
et  al.  1998).  In  granule  neurons,  phosphorylation  of  c-jun 
occurs  within  1  h  of  LK  treatment  (Ham  et  al.  1995;  Watson 
et  al.  1998).  As  shown  in  Fig.  8,  GW5074  treatment 
prevents  LK-induced  c-jun  phosphorylation  and  its  increased 
synthesis. 

GW5074  inhibits  cell  death  caused  by  neurotoxins  in 
granule  cells  and  other  neuronal  types 

l-Methyl-4-phenyl-l,2,3,6-tetrathydropyridine  is  a  neurotox¬ 
in  that  causes  degeneration  of  nigrostratial  dopaminergic 
neurons  in  humans  and  some  experimental  animals  resulting 
in  a  Parkinson’s  like  pathology.  The  neurotoxic  effects  of 
l-methyl-4-phenyl-l,2,3,6-tetrathydropyridine  are  mediated 
through  its  oxidation  by  astrocytes  to  the  neurotoxic  species 
1 -methyl-4-phenylpyridinium  (MPP+)  that  is  taken  up  act¬ 
ively  by  dopaminergic  neurons  through  the  dopamine 
transporter.  Direct  treatment  of  dopaminergic  neurons  in 
culture  with  MPP+  recapitulates  their  degeneration  seen 
in  vivo.  In  culture,  MPP+  is  also  toxic  to  cerebellar  granule 
neurons  (Gonzalez-Polo  et  al.  2001).  Another  neurotoxic 
agent  that  causes  selective  loss  of  cerebellar  granule  neurons 
in  vivo  and  which  induces  apoptosis  in  cultured  cerebellar 
granule  neurons  is  methylmercury  (Kunimoto  1994).  As  a 
step  towards  determining  whether  GW5074  is  protective 
against  other  neurotoxic  stimuli  we  examined  its  ability  to 
prevent  cell  death  in  granule  neuron  cultures  treated  with 
MPP+  or  methylmercury.  As  shown  in  Fig.  9(a,b),  GW5074 
reduced  MPP+  and  methylmercury-induced  cell  death  sub¬ 
stantially  when  used  at  0.5  and  0.12  pM,  respectively. 
Treatment  of  cultured  cortical  neurons  with  the  glutamate 
analog  HCA  causes  oxidative  stress  due  to  glutathione 
depletion  leading  to  apoptosis  (Murphy  et  al.  1990;  Ratan 
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Fig.  9  GW5074  is  protective  against  apoptosis  induced  by  MPP+, 
methylmercury,  and  oxidative  stress.  The  ability  of  different  doses  of 
GW5074  to  protect  against  apoptosis  induced  by  various  stimuli  was 
tested  in  cultured  cerebellar  granule  neurons  (a,b,d)  and  in  cortical 
neurons  (c).  Viability  was  measured  24  h  later.  Results  shown  are  from 
three  separate  experiments.  *p  <0.001  mean  value  ±  SD  compared 
with  viability  of  culture  with  apoptotic  stimulus  but  no  GW5074. 
(a)  Cerebellar  granule  neurons  were  treated  with  HK  medium  or  HK 
medium  containing  200  |tm  MPP+  in  the  presence  of  different  con¬ 
centrations  of  GW5074  (GW),  (b)  Cerebellar  granule  neurons  were 
treated  with  HK  medium  or  HK  medium  containing  0.5  [im  methyl- 
mercury  in  the  presence  of  different  concentrations  of  GW5074  (GW), 
(c)  Cortical  neurons  were  treated  with  HCA  and  different  concentra¬ 
tions  of  GW5074.  (d)  Cerebellar  granule  neurons  were  treated  with 
100  pM  glutamate  and  1  |tm  glycine  in  Locke’s  solution  for  30  min.  The 
original  culture  medium  was  then  put  back  and  the  cells  maintained  in 
the  incubator  for  24  h. 

et  al.  1994a,b).  To  determine  whether  the  effects  of  GW5074 
extended  to  neuronal  types  other  than  cerebellar  granule 
cells,  we  utilized  this  in  vitro  paradigm.  As  shown  in 
Fig.  9(c),  GW5074  provided  complete  protection  against 
oxidative  stress-induced  apoptosis.  Substantial  protection  is 
observed  at  doses  as  low  as  5  nM  of  GW5074.  It  is  likely  that 
the  difference  in  doses  at  which  GW5074  exerts  its 
neuroprotective  effect  in  the  various  paradigms  of  neuronal 


cell  death  is  due  to  differences  in  the  intracellular  molecular 
composition  between  neuronal  cell  types  and  in  the  activities 
of  signaling  molecules  following  treatment  with  different 
apoptotic  stimuli.  For  example,  while  LK  treatment  down- 
regulates  Akt  activity  (Dudek  et  al.  1997;  Kumari  et  al. 
2001),  methylmercury-induced  neurotoxicity  in  cerebellar 
granule  neurons  is  accompanied  by  Akt  activation  (Manlapaz 
and  D’Mello,  unpublished  observation).  It  is  thus  possible 
that  Akt  assists  in  GW5074-mediated  protection  against 
methylmercury  toxicity,  requiring  a  lower  concentration  of 
GW5074  for  neuroprotection. 

Although  highly  protective  against  the  stimuli  described 
above,  GW5074  was  unable  to  reduce  glutamate-induced 
excitotoxicity  in  cultured  cerebellar  granule  neurons 
(Fig.  9d).  Previous  studies  have  suggested  that  glutamate- 
induced  neurotoxicity  in  cerebellar  granule  neurons  does  not 
involve  an  apoptotic  mechanism  (Dessi  et  al.  1993). 

GW5074  is  protective  in  an  in  vivo  experimental  model  of 
Huntington’s  disease  (HD) 

3-Nitropropionic  acid  (3-NP)  administration  in  rodents  and 
non-human  primates  has  served  as  a  useful  experimental 
model  for  HD  (reviewed  in  Brouillet  et  al.  1999).  3-NP  is  an 
irreversible  inhibitor  of  succinate  dehydrogenase  (complex 
II),  which  causes  prolonged  mitochondrial  energy  impair¬ 
ment  and  replicates  most  of  the  clinical  and  pathophysio¬ 
logical  hallmarks  of  HD  including  selective  striatal 
degeneration,  spontaneous  choreiform  and  dystonic  move¬ 
ments  (Beal  et  al.  1993;  Brouillet  et  al.  1999).  We  tested 
whether  GW5074  could  protect  against  3-NP-induced  neu¬ 
rodegeneration.  As  shown  in  Fig.  10  (top  panel),  mice 
administered  3-NP  display  extensive  bilateral  striatal  lesions. 
This  degeneration  is  completely  prevented  by  GW5074  when 
administered  at  a  concentration  of  5  mg/kg  body  weight. 
Administration  of  GW5074  alone  had  no  discernible  effect 
on  the  animals  as  judged  by  behavior  and  cell  morphology  of 
brain  sections  (data  not  shown). 

The  protection  by  GW5074  against  3-NP-induced  striatal 
neurodegeneration  correlated  with  a  robust  protection  against 
neurological  deficits.  Figure  11  shows  the  analysis  of  the 


Control  3-NP  3-NP  +  GW5074 


Fig.  10  3-NP  induced  striatal  degeneration 
is  prevented  by  GW5074.  Cresyl  violet 
staining  of  50  coronal  sections  from 
control,  3-NP,  and  3-NP  +  GW5074-treated 
mice.  Doses  and  conditions  of  administra¬ 
tion  are  detailed  in  Experimental  proce¬ 
dures.  (Top  panel)  Low  magnification 
showing  selective  loss  of  cells  in  the  stria¬ 
tum.  (Bottom  panel)  High  magnification  im¬ 
age  of  dorsolateral  part  of  the  striatum. 
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Fig.  11  GW5074  protects  against  3-NP-induced  behavioral  abnor¬ 
malities.  Locomotor  activity  measurements  of  mice  administered  with 
saline  (control),  3-NP  and  3-NP  +  GW5074.  Doses  and  conditions  of 
administration  are  detailed  in  Experimental  procedures.  Activity  was 
measured  over  a  15-min  period.  Shown  are:  (a)  total  movement  epi¬ 
sodes;  (b)  total  movement  distance;  (c)  mean  velocity;  (d)  vertical 
plane  entries.  Bars  indicate  mean  ±  SD  (seven  animals  in  each  group). 
*p  <  0.001;  Dunnett’s  multiple  comparison  f-test  versus  saline  group. 


parameters  used  to  assess  locomotor  activity.  For  each  of  the 
4  parameters  studied,  3-NP  treatment  resulted  in  a  significant 
reduction  of  locomotor  activity.  Combinatorial  treatment 
with  3-NP  and  GW5074  restored  locomotor  activity  to  the 
same  level  as  that  seen  in  saline  treated  animals.  Specifically, 
total  movement  episodes,  total  movement  distance;  mean 
velocity  of  movement  and  vertical  plane  entries  (ability  of 
the  animal  to  rear  itself  on  its  hind  legs),  which  were  all 
impaired  by  3-NP  administration,  were  restored  in  animals 
receiving  GW5074. 

Discussion 

Neurological  diseases  disrupt  the  quality  of  the  lives  of 
patients  and  often  lead  to  their  death  prematurely.  A  common 
feature  of  most  neurological  diseases  is  the  degeneration  of 
neurons,  which  results  from  an  inappropriate  activation  of 
apoptosis.  Drugs  that  inhibit  neuronal  apoptosis  could  thus 
be  candidates  for  therapeutic  intervention  in  neurodegener- 
ative  disorders.  In  this  report,  we  describe  that  GW5074,  a 
commercially  available  and  small  molecule  chemical  com¬ 
pound  has  strong  neuroprotective  effects.  We  show  that 
GW5074  blocks  apoptosis  in  cerebellar  granule  neurons 
induced  by  diverse  stimuli  such  as  LK-treatment  or  exposure 
to  MPP+  or  methylmercury.  The  drug  also  prevents  oxidative 
stress-induced  apoptosis  in  cortical  neurons.  Most  signifi¬ 
cantly,  GW5074  prevents  neurodegeneration  and  improves 
behavioral  outcome  in  an  in  vivo  experimental  model  of 
Huntington’s  disease. 


Based  on  a  previous  report  (Lackey  et  al.  2000)  and  our 
own  findings,  GW5074  is  a  potent  inhibitor  of  c-Raf.  Lackey 
et  al.  (2000),  showed  that  GW5074  had  no  significant  effect 
on  cdkl,  cdk2,  c-src,  p38  MAP  kinase,  VEGFR2,  and  c-fms. 
We  have  confirmed  and  extended  their  analysis  to  show  that 
GW5074  does  not  inhibit  JNK1,  JNK2,  JNK3,  MEK1, 
MKK6,  MKK7,  cdk5,  cdk6  and  Gsk3[3.  Like  GW5074, 
ZM336372,  which  is  a  structurally  distinct  inhibitor  of  c-Raf, 
is  also  significantly  protective  against  LK-induced  neuronal 
apoptosis.  The  ability  of  an  independent  pharmacological 
c-Raf  inhibitor  to  promote  neuronal  survival  suggests  that  the 
neuroprotective  effect  of  GW5074  is  either  directly  or 
indirectly  due  to  its  action  on  c-Raf.  Another  agent  that 
is  protective  against  LK-induced  apoptosis  is  SB203580 
(Yamagishi  et  al.  2001;  Coffey  et  al.  2002),  best  known  for 
its  inhibition  of  p38  MAP  kinase  signaling.  It  has  recently 
been  discovered  that  SB203580  also  inhibits  c-Raf  potently 
when  assayed  in  vitro  (Hall- Jackson  et  al.  1999b)  raising  the 
possibility  that  its  ability  to  inhibit  c-Raf  may  contribute  to 
its  ability  to  protect  against  apoptosis  in  granule  neurons  and 
other  neuronal  types. 

Although  inhibiting  c-Raf  potently,  the  treatment  of 
neuronal  cultures  with  GW5074  causes  the  accumulation 
of  activating  modifications  on  c-Raf.  A  similar  accumulation 
of  activating  modifications  has  also  been  reported  to  occur  in 
cell  lines  treated  with  other  c-Raf  inhibitors  such  as 
ZM336372  or  SB203580  (Hall-Jackson  et  al  1999a).  As 
previously  proposed  to  occur  in  cell  lines  (Hall-Jackson  et  al. 
1999a),  upon  exposure  to  c-Raf  inhibitors,  neurons  may 
respond  by  activating  compensatory  mechanisms  in  an 
attempt  to  maintain  total  Raf  activity.  Besides  the  accumu¬ 
lation  of  activating  modifications  on  c-Raf,  this  may  also 
shunt  Ras  signaling  to  B-Raf.  Indeed,  treatment  with 
GW5074  does  lead  to  the  activation  of  B-Raf.  The  finding 
that  Ras  inhibition  blocks  neuroprotection  by  GW5074  is 
consistent  with  the  redirection  of  Ras-Raf-MEK-ERK  sign¬ 
aling  via  B-Raf.  It  is  possible  that  the  activation  of  B-Raf  is 
necessary  for  GW5074-mediated  neuroprotection.  Consistent 
with  the  involvement  of  B-Raf  is  our  observation  that  in 
contrast  to  c-Raf,  the  activity  of  B-Raf  is  not  inhibited  by 
GW5074  at  concentrations  at  which  the  drug  is  neuropro¬ 
tective.  When  used  at  a  concentration  at  which  B-Raf  is 
inhibited  however,  GW5074  is  not  protective.  B-Raf  is 
required  for  the  survival  of  embryonic  sensory  and  moto¬ 
neurons  and  neurons  cultured  from  B-Raf  knockout  mice  die 
even  in  the  presence  of  neurotrophic  factors  that  are  normally 
capable  of  promoting  their  survival  (Wiese  et  al.  2001). 
Interestingly,  overexpression  of  c-Raf  fails  to  rescue 
B-Raf-/-  neurons  from  death  in  culture  indicating  a  critical 
and  essential  role  for  B-Raf  in  neuronal  survival  (Wiese  et  al. 
2001).  B-Raf  activation  was  also  been  shown  to  inhibit 
growth  factor  induced  apoptosis  in  fibroblasts  (Erhardt  et  al. 
1999).  In  this  case  B-Raf  was  found  to  act  at  a  step 
downstream  of  cytochrome  c  release. 
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Treatment  with  GW5074  results  in  the  activation  of  the 
Raf-MEK-ERK  pathway.  The  Raf-MEK-ERK  pathway  is 
known  to  be  important  for  neuronal  survival  by  some 
neurotrophic  factors.  In  cerebellar  granule  neurons,  BDNF- 
mediated  survival  is  mediated  by  a  Raf-MEK-ERK-depend- 
ent  mechanism  resulting  in  the  activation  of  CREB  and  the 
inactivation  of  the  pro-apoptotic  Bcl-2  protein,  Bad  (Bonni 
et  al.  1999).  Treatment  with  the  MEK  inhibitor,  PD98059, 
blocks  the  survival  effect  of  BDNF  on  granule  neurons 
(Bonni  et  al.  1999).  We  find  that  neither  PD98059  nor 
another  potent  MEK  inhibitor  U0126,  reduce  the  ability  of 
GW5074  to  protect  against  LK-induced  neuronal  death 
although  both  of  these  inhibitors  block  ERK  stimulation, 
indicating  that  neuroprotection  by  GW5074  is  mediated  by 
a  MEK-ERK-independent  signaling  pathway.  Evidence  for 
the  presence  of  such  a  Raf-mediated  but  MEK-ERK- 
independent  anti-apoptotic  pathway  has  been  reported  by  a 
number  of  laboratories  (reviewed  in  Baccarini  2000; 
Dhillon  and  Kolch  2002;  Hindley  and  Kolch  2002).  One 
potential  mediator  of  MEK-ERK-independent  B-Raf  sign¬ 
aling  is  NF-kB.  Several  studies  performed  in  a  variety  of  in 
vivo  and  in  vitro  paradigms  have  shown  the  importance  of 
NF-kB  for  neuronal  survival  (Yu  et  al.  1999;  Glazner  et  al. 
2000;  Koulich  et  al.  2001;  Yabe  et  al.  2001;  Bhakar  et  al. 
2002;  reviewed  in  Mattson  et  al.  2000).  The  ability  of  c-Raf 
to  signal  via  NF-kB  in  a  MEK-ERK  independent  manner 
has  been  documented  (Baumann  et  al.  2000).  In  cerebellar 
granule  neurons,  NF-kB  is  required  for  the  survival 
promoting  effect  of  diverse  survival  factors  (Koulich  et  al. 
2001).  A  downstream  event  in  GW5074-mediated  neuro¬ 
protection  is  likely  to  be  inhibition  of  c-jun,  a  molecule 
whose  activation  is  required  for  LK-induced  neuronal  cell 
death. 

Given  the  established  importance  of  the  PI-3  kinase  Akt 
pathway  in  the  inhibition  of  apoptosis  we  examined  whether 
GW5074  acted  by  stimulating  this  pathway.  Treatment  with 
GW5074  does  delay  the  down-regulation  of  Akt  phosphory¬ 
lation  that  occurs  in  LK.  Consistent  with  the  maintenance  of 
Akt  activity,  the  dephosphorylation  of  GSK3-(3  and  Forkhead 
that  occurs  after  LK  treatment,  is  reduced  by  GW5074. 
Inhibition  of  Akt  by  overexpression  of  a  dominant-negative 
form  of  the  protein  does  not,  however,  reduce  the  neuropro- 
tective  effect  of  GW5074  indicating  that  Akt  activity  is  not 
required  for  the  neuroprotective  effect  of  GW5074. 

The  PI-3k-Akt  and  the  Raf-MEK-ERK  pathways  are  the 
two  best  studied  survival-promoting  signaling  mechanisms  in 
neurons  and  non-neuronal  cells.  Our  results  indicate  that 
GW5074  acts  by  a  mechanism  that  is  independent  of  both 
these  pathways  suggesting  the  existence  of  another  potent 
signaling  pathway  by  which  the  survival  of  neurons  can  be 
mediated.  While  additional  research  is  required  to  elucidate 
the  components  of  this  signaling  pathway  our  results  are 
consistent  with  a  model  in  which  c-Raf  inhibition  by 
GW5074  causes  induction  of  B-Raf  activity  which  acts  via 


NF-kB  to  inhibit  c-jun.  It  is  possible  that  induction  of  B-Raf 
depends  on  Ras. 

Neuronal  loss  by  apoptosis  is  observed  in  a  number  of 
neurodegenerative  diseases.  Based  on  its  neuroprotective 
effect  against  different  apoptosis-inducing  stimuli  in  vitro 
and  in  an  animal  model  of  neurodegeneration,  inhibitors  such 
as  GW5074  could  have  therapeutic  value  in  the  treatment  of 
neurodegenerative  diseases.  Furthermore,  understanding  the 
signaling  pathway  by  which  GW5074  exerts  its  effect  could 
lead  to  the  development  of  novel  and  effective  drugs  for  the 
treatment  of  neurodegenerative  conditions. 
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Cerebellar  granule  neurons  undergo  apoptosis  when 
switched  from  culture  medium  containing  high  potas¬ 
sium  (HK)  to  medium  that  contains  low  potassium  (LK). 
HK  treatment  leads  to  an  activation  of  p21 -activated 
kinase-1  (PAK-1).  Overexpression  of  a  constitutively  ac¬ 
tive  form  of  PAK-1  protects  against  apoptosis  in  LK 
medium.  Overexpression  of  a  dominant-negative  form  of 
PAK-1  blocks  survival  in  HK.  Although  PAK-1  is  usually 
considered  to  be  a  downstream  effector  of  Rac  and 
Cdc42,  we  were  unable  to  detect  association  between 
PAK-1  and  either  Racl  or  Cdc42  in  cerebellar  granule 
neurons.  Interaction  between  PAK-1  and  PDK1  is  de¬ 
tected  in  granule  neurons,  although  there  is  no  change  in 
the  extent  of  interaction  in  neurons  primed  to  die.  Neu¬ 
ronal  survival  by  PAK-1  overexpression  is  not  inhibited 
by  PD98059  or  LY294002,  which  inhibit  the  activity  of 
MEK  and  PI-3  kinase,  respectively.  The  ability  of  PAK-1 
to  maintain  neuronal  survival  is,  however,  blocked  by 
ML-9,  a  compound  known  to  inhibit  Akt.  Our  results 
show  that  that  PAK-1  is  necessary  for  neuronal  survival  in 
HK  and  suggest  that  its  neuroprotective  action  may  be 
mediated  by  a  GTPase-independent,  but  Akt-depen- 
dent,  mechanism.  ©  2005  Wiley-Liss,  Inc. 
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Elimination  of  superfluous  neurons  by  apoptosis  is  a 
critical  aspect  of  normal  neurodevelopment.  Aberrant  ac¬ 
tivation  of  apoptosis  in  the  mature  brain,  however,  leads  to 
undesirable  neuronal  loss  and  has  been  implicated  in  a 
variety  of  neurodegenerative  diseases.  How  apoptosis  is 
regulated  in  neurons  has  thus  become  an  area  of  intense 
investigation.  Such  studies  have  led  to  the  identification  of 
several  molecules  that  are  involved  in  promoting  or  in¬ 
hibiting  neuronal  cell  death.  Among  these  are  the  Rho- 
related  GTPases  (Rho,  Rac,  and  Cdc42),  best  known  for 
their  role  in  regulating  cytoskeletal  dynamics  (for  review 
see  Nobes  and  Hall,  1995).  Recent  studies  have  shown 
that,  depending  on  the  neuronal  type,  Rho  GTPases  may 
either  be  proapoptotic  or  antiapoptotic.  In  sympathetic 
neurons,  for  example,  inhibition  of  Rac  and  Cdc42  by 
overexpression  of  dominant-negative  forms  of  these  pro¬ 
teins  prevents  apoptosis  induced  by  nerve  growth  factor 
withdrawal  (Bazenet  et  al.,  1998;  Kanamoto  et  al.,  2000). 
On  the  other  hand,  pharmacological  inhibition  of  Rho 


GTPases  induces  apoptosis  in  cultures  of  cortical  neurons 
(Tanaka  et  al.,  2000).  Similarly,  treatment  of  cultured 
cerebellar  granule  neurons  with  Clostridium  difficile  toxin  B, 
a  specific  inhibitor  of  Rho  GTPases,  blocks  serum-  and 
depolarization-dependent  survival  (Linseman  et  al.,  2001). 
Although  the  molecular  basis  for  the  opposing  effect  of 
Rho  GTPAses  on  the  survival  of  different  neuronal  types 
is  unclear,  one  explanation  might  lie  in  the  ability  of  Rho 
GTPases  to  engage  different  downstream  effector  mole¬ 
cules. 

One  class  of  mediators  of  Rac  and  Cdc42  GTPase 
activity  is  the  p21 -activated  kinases  (PAKs),  a  family  of 
serine-threonine  kinases  that  are  activated  in  response  to 
extracellular  signals  (for  review  see  Jaffer  and  Chernoff, 
2002;  Bokoch,  2003).  Although  first  identified  as  proteins 
that  play  an  important  role  in  regulating  cytoskeletal  or¬ 
ganization  and  cell  morphology,  the  PAKs  have  also  been 
shown  to  regulate  cell  survival.  Six  mammalian  PAKs  have 
been  identified,  and  these  have  been  classified  into  two 
subfamilies  based  on  structural  similarity.  Group  A  PAKs 
consist  of  the  closely  related  PAK-1,  PAK-2,  and  PAK-3. 
PAK-1  and  PAK-3  are  tissue  specific,  with  the  highest 
expression  level  in  the  brain,  whereas  PAK-2  is  ubiquitous 
(Jaffer  and  Chernoff,  2002;  Bokoch,  2003).  PAKs  4-6 
belong  to  the  group  B  family.  All  of  the  PAKs  contain  a 
GTPase  binding  domain,  which  binds  to  the  Rho  GT¬ 
Pases,  and  a  kinase  domain,  which  shares  similarity  to  the 
kinase  domain  of  yeast  STE20.  The  group  A  and  B  PAKs 
are  ~50%  identical  to  each  other  in  the  GTPase  binding 
domain  and  kinase  domain  but  otherwise  share  no  homol¬ 
ogy  in  the  rest  of  their  amino  acid  sequences.  Despite  this, 
both  group  A  and  group  B  PAKs  have  been  implicated  in 
the  regulation  of  cell  survival.  PAK-1  and  PAK-4  have 
been  shown  to  protect  cells  from  apoptosis  in  a  variety  of 
cell  types  (Shurmann  et  al.,  2000;  Gnesutta  et  al.,  2001).  In 
contrast,  PAK-2  can  be  cleaved  by  caspases  into  a  34-kDa 
activated  form  that  contributes  to  the  morphologic 
changes  that  occur  during  apoptosis  (Lee  et  al.,  1997; 
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Rudel  and  Bockoch,  1997;  Walter  et  al.,  1998).  The 
residue  on  PAK-2  that  is  cleaved  by  caspase-3  (Asp212)  is 
absent  in  PAK-3  and  inaccessible  in  PAK-1,  explaining 
why  these  PAKs  are  not  cleaved. 

Although  PAKs  have  been  found  to  regulate  the 
survival  of  nonneuronal  cells  in  response  to  certain  stimuli, 
the  role  of  PAKs  in  the  regulation  of  neuronal  survival  has 
not  been  investigated.  Here  we  have  studied  this  issue  by 
using  cultured  cerebellar  granule  neurons.  Because  of  its 
high  expression  in  the  brain,  we  focused  on  PAK-1.  We 
report  that  PAK-1  is  activated  by  membrane  depolariza¬ 
tion  as  well  as  by  insulin-like  growth  factor- 1  (IGF-1), 
two  stimuli  that  sustain  the  survival  of  these  neurons  in 
culture.  By  using  active  and  dominant-negative  forms  of 
PAK-1,  we  show  that  PAK-1  plays  an  important  role  in 
promoting  neuronal  survival. 

MATERIALS  AND  METHODS 

Materials 

Unless  otherwise  stated,  all  chemicals  came  from  Sigma- 
Aldrich  (St.  Louis,  MO).  Cell  culture  supplies  were  purchased  from 
Gibco  BILL  (Grand  Island,  NY).  PD98059,  ML-9,  and  LY294002 
were  from  Calbiochem  (La  Jolla,  CA).  Anti-PAK-1  (sc-882),  anti- 
PAK-2  (sc-7117),  anti-Racl  (sc-217),  and  anti-Cdc42  (sc-8401) 
were  purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA) . 
Anti-PDKl  (3062)  and  anti- (3-galactosidase  (14B7)  were  purchased 
from  Cell  Signaling  (Beverly,  MA).  Anti-a-tubulin  (T5168)  was 
purchased  from  Sigma- Aldrich.  IGF-1  was  purchased  from  Roche 
(Indianapolis,  IN). 

Cell  Culture  and  Treatment 

Culture  of  cerebellar  granule  neurons  was  performed  as 
previously  described  (D’Mello  et  al.,  1993).  Briefly,  cerebella 
were  extracted  from  7- 8-day-old  Wistar  rat  pups  and  plated  in 
basal  medium  with  Earl’s  salts  (BME),  25  mM  potassium, 
100  |xg/ml  gentamicin,  2  mM  glutamine,  and  10%  fetal  calf 
serum  (Gibco  BRL,  Carlsbad,  CA)  on  poly-L-lysine-coated 
plates.  Cells  were  plated  at  density  of  1  X  106/well  in  four-well 
dishes  and  1  X  107  cells  per  60-mm  dish.  Cytosine  arabino- 
furanoside  at  10  pJVL  was  added  to  the  culture  medium  18-22  hr 
after  plating  to  prevent  replication  of  nonneuronal  cells.  Treat¬ 
ments  were  performed  6—7  days  after  plating.  For  treatments, 
the  cultures  were  switched  to  serum-free  BME  medium  in  the 
absence  (LK  medium)  or  presence  (HK  medium)  of  25  mM 
KC1.  When  used,  pharmacological  inhibitors  were  added  at  the 
time  of  the  switch.  In  some  experiments  (indicated  in  the  figure 
legends),  the  cells  were  switched  to  LK  medium  for  2  hr  to 
down-regulate  PAK-1  activity  before  treatment  with  HK  or 
IGF-1.  Cell  viability  was  quantified  by  staining  nuclei  with 
4',6'-diamidino-2-phenylindole  hydrochloride  (DAPI)  and 
counting  of  apoptotic  nuclei  as  previously  described  (Koulich  et 
al.,  2001). 

Western  Blot  Analysis 

For  whole-cell  lysates,  cells  were  washed  once  with  ice- 
cold  phosphate-buffered  saline  (PBS),  followed  by  lysis  with  lysis 
buffer  [20  mM  Tris-HCl  (pH  7.5),  150  mM  NaCl,  1  mM 
Na2EDTA,  1  mM  EGTA,  1%  Triton,  2.5  mM  sodium  pyro¬ 


phosphate,  1  mM  (3 -glycerophosphate,  1  mM  Na3V04, 
1  |xg/ml  leupeptin  (Cell  Signaling),  with  a  protease  inhibitor 
cocktail  tablet  (Roche)].  The  lysates  were  cleared  by  centrifu¬ 
gation  for  10  min  at  9,000^  at  4°C.  Sample  buffer  [3  X 
187.5  mM  Tris-HCl  (pH  6.8)  at  25°C,  6%  sodium  dodecyl 
sulfate  (SDS),  30%  glycerol,  150  mM  dithiothreitol  (DTT), 
0.03%  bromphenol  blue]  was  added  before  heating  to  95°C  for 
4  min.  About  30  |JLg  of  whole-cell  lysate  was  then  separated  by 
SDS-PAGE  and  transferred  electrophoretically  to  a  polyvinyli- 
dene  difluoride  membrane  (PVDF;  Bio-Rad,  Hercules,  CA). 
After  staining  with  Ponceau  S  to  verify  the  uniformity  of  protein 
loads/transfer,  the  membranes  were  probed  with  the  indicated 
antibody.  All  antibodies  were  used  at  1:1,000  dilution,  except 
for  anti-PAK-1  (1:5,000)  and  anti-a-tubulin  (1:15,000).  Sec¬ 
ondary  antibodies  were  peroxidase-conjugated  goat  anti-rabbit 
IgG  (sc-2004;  1:10,000),  donkey  anti-goat  IgG  (sc-2020; 
1:10,000),  and  goat  anti-mouse  IgG  (sc-2005;  1:10,000). 

Transfection 

Transient  transfection  of  granule  neurons  was  carried  out 
as  outlined  by  Koulich  et  al.  (2001).  Briefly,  on  day  5  after 
plating,  3.5  |JLg/well  of  DNA  was  precipitated  by  using  the 
calcium  phosphate  method  and  added  dropwise  to  cultures  that 
had  been  incubated  in  BME  for  30  min  without  serum  or 
antibiotic.  The  precipitate  was  allowed  to  incubate  with  the  cells 
for  30  min,  and  the  cells  were  then  washed  three  times  with 
BME,  and  the  original  medium  was  replaced.  On  the  next 
morning,  cultures  were  switched  to  HK  or  LK  and  incubated  for 
24  hr,  after  which  immunocytochemistry  was  performed.  Im- 
munocytochemistry  and  survival  analysis  were  performed  as 
describe  by  Koulich  et  al.  (2001).  The  myc-tagged  plasmids 
PAK-1T423E  and  PAK-1K299R  were  kind  gifts  of  Dr.  Gary 
M.  Bokoch  (Scripps  Research  Institute,  La  Jolla,  CA). 

Immunoprecipitation 

Cells  were  treated  and  lysed  as  described  above,  up  to  the 
point  of  addition  of  sample  buffer.  One  microgram  of  antibody 
was  added  to  300  |JLg  of  the  cleared  lysates  and  incubated  on  a 
rocker  overnight  at  4°C,  followed  by  addition  of  25  jjlI  of 
protein  A/ G  agarose  beads  (Santa  Cruz  Biotechnology)  for  2  hr. 
The  immune-bead  complex  was  washed  three  times  with  lysis 
buffer,  followed  by  the  addition  of  sample  buffer  and  SDS- 
PAGE. 

In  Vitro  Kinase  Assays 

For  kinase  assays,  after  washes  with  lysis  buffer,  immuno- 
precipitates  were  washed  three  times  with  kinase  buffer  (50  mM 
HEPES,  10  mM  MgCl,  10  mM  |3-glycerophosphate,  1  mM 
dithiothreitol).  Washed  immunoprecipitates  were  resuspended 
in  30  jjlI  kinase  buffer  with  1  |jlM  cold  ATP,  1  pCi  [y-32P]-ATP 
(MP  Biomedicals,  Irvine,  CA),  and  5  p,g  histone  H4  (Roche) 
and  incubated  for  30  min  at  30°C.  The  reaction  was  stopped  by 
addition  of  sample  buffer,  followed  by  heating  at  95 °C  for 
4  min.  The  samples  where  then  separated  by  SDS-PAGE  and 
transferred  electrophoretically  to  PVDF  and  developed  by  au¬ 
toradiography.  The  same  membranes  were  probed  with  PAK-1 
antibody  to  demonstrate  that  similar  amounts  of  PAK-1  were 
used  for  the  assays. 
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Fig.  1.  Western  blot  analysis  of  PAK-1  expression.  Cultures  of  cere¬ 
bellar  granule  neurons  were  switched  to  LK  or  HK  medium  for  the 
indicated  periods.  Whole-cell  lysates  were  prepared  and  used  for  West¬ 
ern  blot  analysis  with  a  PAK-1  antibody.  The  same  blot  was  reprobed 
with  an  antibody  against  tubulin  to  show  similar  loading.  PAK-1 
expression  was  unchanged  in  neurons  primed  to  die  by  LK  treatment. 


RESULTS 

Cerebellar  granule  neurons  undergo  apoptosis  when 
switched  from  HK  medium  to  medium  containing  LK 
(D’Mello  et  ah,  1993).  Although  cell  death  begins  at  about 
16  hr  after  LK  treatment,  commitment  to  death  occurs  by 
6  hr  (Borodezt  and  D’Mello,  1998).  We  examined 
whether  the  level  of  PAK-1  expression  was  altered  in 
neurons  primed  to  die  by  LK  treatment.  As  shown  in 
Figure  1,  PAK-1  levels  were  unchanged  by  LK  treatment. 

We  next  examined  whether  PAK-1  activity  is  reg¬ 
ulated  by  HK.  PAK-1  was  immunoprecipitated  from  neu¬ 
ronal  cultures  that  were  treated  with  HK  for  30  and 
60  min  and  the  activity  of  the  enzyme  examined  in  an  in 
vitro  kinase  assay.  As  shown  in  Figure  2,  PAK-1  activity 
was  robustly  activated  by  HK.  Peak  activity  was  found  at 
60  min  after  HK  treatment  (Fig.  2),  and  the  activity 
remained  elevated  for  at  least  120  min  (not  shown). 

The  activation  of  PAK-1  by  HK  raised  the  possibility 
that  PAK-1  activity  was  necessary  for  the  survival- 
promoting  effect  of  HK.  To  examine  this  issue,  neuronal 
cultures  were  transfected  with  a  plasmid  overexpressing  a 
dominant-negative  form  of  PAK-1  (dn-PAK-1).  As 
shown  in  Figure  3,  overexpression  of  dn-PAK-1  substan¬ 
tially  reduced  the  ability  of  HK  to  maintain  neuronal 
survival.  Furthermore,  overexpression  of  a  constitutively 
active  form  of  PAK-1  (ca-PAK-1)  was  capable  of  main¬ 
taining  survival  even  in  LK  medium.  Taken  together, 
these  results  show  that  PAK-1  is  important  for  HK- 
mediated  survival  of  cerebellar  granule  neurons. 

PAK-1  serves  as  an  effector  for  the  Rho  GTPases 
Racl  and  Cdc42,  which  have  been  reported  to  be  neces¬ 
sary  for  the  survival  of  cultured  cerebellar  granule  neurons. 
Strong  association  between  PAK-1  and  Racl  has  previ¬ 
ously  been  demonstrated  (Manser  et  al.,  1994).  As  a  step 
toward  investigating  how  PAK-1  was  activated  in  neurons 
by  HK,  we  examined  whether  it  was  associated  with  Racl 
and  whether  this  association  was  perturbed  by  LK  treat¬ 
ment.  Although  Racl  expression  is  detectable  in  cerebellar 
granule  neurons,  an  interaction  between  Racl  and  PAK-1 
could  not  be  detected.  A  similar  analysis  was  performed  for 
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Fig.  2.  Analysis  of  PAK-1  kinase  activity  following  HK  treatment. 
After  2  hr  in  LK  medium,  neuronal  cultures  were  treated  with  HK  or 
LK  medium  for  30  or  60  min.  Whole-cell  lysates  were  prepared  and 
PAK-1  immunoprecipitated.  The  immunoprecipitated  PAK-1  was 
used  in  an  in  vitro  kinase  reaction  containing  radiolabeled  ATP  and 
with  histone  H4  as  substrate.  After  SDS-PAGE  and  transfer  to  PVDF 
membrane,  the  extent  of  histone  H4  phosphorylation  was  visualized  by 
autoradiography.  The  same  membrane  was  probed  with  a  PAK-1 
antibody  to  demostrate  equal  pull-down.  The  dark  band  below  the 
68-kDa  PAK-1  band  corresponds  to  immunoreactivity  to  the  heavy 
chain  (marked  with  an  asterisk).  Treatment  with  HK  stimulates  PAK-1 
activity. 


Cdc42  (Fig.  4A).  Control  experiments  showed  that 
PAK-1  did  interact  with  Racl  when  overexpressed  in  the 
HEK293T  cell  line  (Fig.  4B).  As  shown  in  Figure  4C, 
interaction  between  Cdc42  and  PAK-1  was  also  undetect¬ 
able  in  neuronal  cultures  (Fig.  4C).  A  control  experiment 
similar  to  that  shown  in  Figure  4  revealed  interaction 
between  PAK-1  and  Cdc42  in  HEK293T  cells  (not 
shown).  GTPase-independent  mechanisms  of  PAK-1  ac¬ 
tivation  have  recently  been  identified.  One  such  mecha¬ 
nism  involves  interaction  with  the  serine/ threonine  kinase 
PDK1  (King  et  al.,  2000).  As  shown  in  Figure  4D,  inter¬ 
action  between  PDK1  and  PAK-1  is  detectable  in  neu¬ 
rons,  although  the  level  of  interaction  is  not  changed  by 
LK  treatment. 

To  gain  insight  into  the  mechanism  by  which 
PAK-1  mediates  neuronal  survival,  we  used  pharmacolog¬ 
ical  inhibitors  of  signaling  proteins  that  are  known  to  be 
important  components  of  survival-promoting  signaling 
pathways.  The  Raf-MEK-ERK  pathway  is  one  such  path¬ 
way,  and  signaling  by  this  pathway  can  be  blocked  by 
using  PD98059,  which  is  a  highly  selective  inhibitor  of 
MEK.  We  have  previously  found  that,  in  cultured  neu¬ 
rons,  PD98059  efficiently  inhibits  ERK  phosphorylation 
at  a  dose  of  20  |JiM  (Chin  et  al.,  2004).  As  shown  in 


812  Johnson  and  D’Mello 


A 


dn-PAKI  LacZ 

Fig.  3.  Effect  of  dominant-negative  PAK-1  and  constitutively  active- 
PAK-1  expression  in  neurons.  Plasmid  expression  vectors  encoding  a 
myc-tagged  dominant-negative  form  of  PAK-1,  pCMV-PAK- 
1K299R  (A;  dn-PAK-1),  or  a  myc-tagged  constitutively  active  form, 
pCMV-PAK-lT423E  (B;  ca-PAK-1),  were  used  to  transfect  neuronal 
cultures.  The  cultures  transfected  with  dn-PAK-1  and  ca-PAK-1  were 
switched  to  HK  or  LK  medium,  respectively,  for  24  hr.  A  lacZ- 


Figure  5,  PD98059  had  no  effect  on  PAK-1 -mediated 
neuronal  survival  when  used  at  this  dose.  Another  pow¬ 
erful  antiapoptotic  signaling  pathway  is  the  PI-3  kinase— 
Akt  pathway.  This  pathway  is  necessary  for  the  survival- 
promoting  effect  of  IGF-1  in  cultured  cerebellar  granule 
neurons  (Datta  et  ah,  1997;  Dudek  et  al.,  1997;  D’Mello  et 
al.,  1997;  Li  et  al.,  2001;  Chin  and  D’Mello  2004).  Treat¬ 
ment  with  LY294002,  a  specific  inhibitor  of  PI-3  kinase, 
which  blocks  IGF-1 -mediated  neuronal  survival  (D’Mello 
et  al.,  1997),  failed  to  reduce  the  ability  of  PAK-1  to 
maintain  neuronal  survival  (Fig.  5).  In  contrast,  ML-9,  a 
compound  that  has  been  used  as  an  inhibitor  of  Akt 
(Hernandez  et  al.,  2001;  Smith  et  al.,  2001;  Desbois- 
Mouthon  et  al.,  2002),  inhibits  survival  promotion  by 
PAK-1. 

To  examine  whether  PAK-1  was  also  involved  in 
survival  promotion  by  other  survival  factors,  we  investi¬ 
gated  whether  PAK-1  was  also  activated  by  IGF-1  treat¬ 
ment.  As  shown  in  Figure  6,  IGF-1  treatment  caused  a 
robust  activation  of  PAK-1.  PAK-1  activation  by  IGF-1 
peaked  at  30  min  and  was  down  to  control  levels  by 
60  min.  As  observed  with  HK,  interaction  between 
PAK-1  and  PDK1  was  seen  following  IGF-1  treatment 
(Fig.  4A).  Association  with  Racl  and  Cdc42  was,  how¬ 
ever,  undetectable  (Fig.  4C,D). 

In  contrast  to  work  with  PAK-1,  which  promotes 
cell  survival,  work  by  many  investigators  has  shown  that  in 
cell  lines  PAK-2  can  be  cleaved  during  apoptosis  by 
caspase-3  into  a  product  lacking  the  regulatory  domain 
and  that  is  constitutively  active  (Lee  et  al.,  1997;  Rudel 
and  Bockoch,  1997;  Walter  et  al.,  1998).  In  cerebellar 
granule  neurons  induced  to  undergo  apoptosis  by  LK 
treatment,  cleavage  of  PAK-2  is  not  detectable  (Fig.  7), 
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expressing  vector,  pCMV-LacZ,  was  used  as  a  control.  The  proportion 
of  transfected  neurons  (myc-  or  LacZ-positive)  that  were  apoptotic  (as 
judged  by  DAPI  staining  of  nuclei)  was  quantified.  *P  <  0.05  vs. 
viability  of  LacZ-transfected  cells  using  two-tailed  Student’s  t-test, 
assuming  unequal  variance.  Error  bars  are  SEM  of  three  independent 
experiments. 


suggesting  that  caspase-mediated  activation  of  PAK-2  does 
not  contribute  to  the  induction  of  apoptosis  in  neurons 
(Miller  et  al.,  1997;  Padmanabhan  et  al.,  1999;  D’Mello  et 
al.,  2000). 

DISCUSSION 

We  show  that  PAK-1  is  activated  by  both  HK  and 
IGF-1.  Whereas  IGF-1 -mediated  activation  of  PAK-1  is 
transient,  peaking  at  about  30  min  after  treatment,  stimu¬ 
lation  by  HK  is  more  sustained.  Overexpression  of  a 
dominant-negative  form  of  PAK-1  blocks  the  survival- 
promoting  effect  of  HK,  suggesting  an  essential  role  for 
PAK-1  in  depolarization-mediated  cerebellar  granule  neu¬ 
ron  survival.  Overexpression  of  active  PAK-1  can  prevent 
apoptosis  in  the  absence  of  any  survival-promoting  stim¬ 
ulus,  implicating  PAK-1  as  a  central  molecule  in  neuronal 
survival. 

Whether  any  of  the  other  PAK  members  regulates 
neuronal  survival  is  at  present  unclear.  In  nonneuronal 
cells,  PAK-4  has  also  been  found  to  be  antiapoptotic.  On 
the  other  hand,  PAK-2  is  proapoptotic.  The  proapoptotic 
function  of  PAK-2  is  activated  by  caspase-3,  which  cleaves 
it  into  a  28-kDa  N-terminus  and  a  34-kDa  C-terminus 
fragment  (Lee  et  al.,  1997;  Rudel  and  Bockoch,  1997; 
Walter  et  al.,  1998).  In  cerebellar  granule  neurons,  cleav¬ 
age  of  the  62-kDa  PAK-2  protein  is  not  detectable  fol¬ 
lowing  LK  treatment.  It  deserves  mention  that,  in  contrast 
to  other  paradigms  of  neuronal  apoptosis,  such  as  nerve 
growth  factor  (NGF) -deprived  sympathetic  neurons,  LK- 
induced  apoptosis  of  cerebellar  granule  neurons  is  believed 
to  be  caspase  independent  (Miller  et  al.,  1997;  Padmanab¬ 
han  et  al.,  1999;  D’Mello  et  al.,  2000). 
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Fig.  4.  Interaction  between  PAK-1  and  Racl,  Cdc42,  and  PDK1. 
A,C,D:  After  LK  treatment  for  2  hr,  cerebellar  granule  neuron  cultures 
were  treated  with  LK  or  HK  medium  for  60  min  or  with  LK  medium 
containing  IGF-1  (50  ng/ml)  for  30  min.  Whole-cell  lysates  were 
prepared,  and  Racl,  Cdc42,  and  PAK-1  immunoprecipitated  from 
300  |JLg  of  the  lysates.  The  immunoprecipitate  was  subjected  to  Western 
blot  analysis  and  probed  with  antibodies  against  Racl,  Cdc42,  PDK1, 
or  PAK-1  antibody.  The  blot  was  reprobed  with  an  appropriate  anti¬ 
body  to  show  that  similar  amounts  of  protein  were  pulled  down  in  the 
different  lanes.  In  A,  Racl  was  used  to  immunoprecipitate,  and  the 


Western  blot  was  probed  with  PAK-1  and  Rac-1.  In  C,  Cdc42  was 
used  to  immunoprecipitate,  and  Western  blot  was  performed  with 
PAK-1  and  Cdc42.  In  D,  PAK-1  was  used  to  immunoprecipitate,  and 
Western  blot  was  performed  with  PDK1  and  PAK-1.  The  dark  band  of 
~55  kDa  (marked  with  an  asterisk)  in  A,  B,  and  D  corresponds  to 
heavy-chain  immunoreactivity.  D  shows  the  results  of  a  control  exper¬ 
iment  performed  using  the  HEK293  cell  line.  Racl  antibody  was  used 
to  immunoprecipitate  and  then  subjected  to  Western  blot  analysis  with 
a  PAK-1  antibody  (under  IP).  Also  loaded  on  the  gel  were  preimmu- 
noprecipitate  aliquots  of  the  whole-cell  lysate  (under  WCL). 


The  signaling  mechanism  mediating  the  survival- 
promoting  effect  of  PAK-1  warrants  investigation.  Previ¬ 
ous  studies  have  demonstrated  the  importance  of  the  Raf- 
MEK-ERK  signaling  pathway  in  neuronal  survival  (Bonni 
et  ah,  1999).  It  is  known  that  PAK-1  phosphorylates 
MEK1  at  Ser298,  leading  to  its  activation  (Frost  et  al., 
1997).  Direct  phosphorylation  and  activation  of  Raf-1  by 
PAK-1  have  also  been  demonstrated  (Zang  et  al.,  2002; 
Tran  and  Frost,  2003).  It  was  thus  possible  that,  in  cere¬ 
bellar  granule  neurons,  PAK-1  promotes  survival  by  acti¬ 
vating  the  Raf-MEK-ERK  pathway.  Arguing  against  this 
possibility,  however,  is  our  finding  that  pharmacological 
inhibition  of  MEK-ERK  signaling  fails  to  reduce  the 
survival  by  PAK-1. 

Another  well-established  substrate  of  PAK-1  is  the 
proapoptotic  Bcl-2  protein  Bad  (Shurmann  et  al.,  2000). 
PAK-1  phosphorylates  Bad  at  Seri  12  and  Serl36,  render¬ 
ing  it  inactive.  Previous  studies  conducted  using  cerebellar 
granule  neurons  have  shown  that  Bad  is  phosphorylated  by 
HK  and  IGF-1  at  these  residues  (Datta  et  ah,  1997; 


Gleichmann  et  al.,  2000;  Konishi  et  al.,  2002).  Finally, 
PAK-1  has  been  reported  to  be  required  for  the  activation 
of  the  nuclear  factor- kB  (NF-kB)  transcription  factor  in 
nonneuronal  cells  (Frost  et  al.,  2000).  Constitutively  active 
PAK-1  stimulates  NF-kB  activity  (Foryst- Ludwig  and 
Naumann,  2000;  Frost  et  ah,  2000).  NF-kB  is  critical  for 
the  survival  of  cerebellar  granule  neurons  (Koulich  et  al., 
2001),  raising  the  possibility  that  the  survival-promoting 
effect  of  PAK-1  is  mediated  by  NF-kB. 

Although  PAKs  are  usually  considered  to  be  down¬ 
stream  effectors  of  Rac  and  Cdc42,  we  were  unable  to 
detect  association  between  PAK-1  and  either  Racl  or 
Cdc42.  It  is  possible  that  other  Rac  isoforms,  such  as  Rac2 
or  Rac3,  associate  with  PAK-1  in  neurons.  More  recent 
research  has  identified  a  number  of  GTPase-independent 
activation  mechanisms  for  PAKs.  For  example,  PAK-1  has 
been  shown  to  be  a  substrate  for  PDK1  (King  et  al.,  2000). 
PDK1  also  phosphorylates  and  activates  Akt,  a  central 
component  of  the  PI-3  kinase— Akt  signaling  pathway.  We 
have  detected  interaction  between  PAK-1  and  PDK1  in 
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Fig.  5.  Effect  of  PI-3  kinase,  Akt,  and  MEK  inhibition  on  PAK-1  - 
mediated  survival.  Neuronal  cultures  were  transfected  with  a  myc-tagged 
and  constiutively  active  form  of  PAK-1  (ca-PAK-1).  The  transfected 
cultures  were  then  switched  to  LK  medium  containing  20  |JiM  ML-9, 
10  [X M  LY294002  (LY),  or  20  [xM  PD98059  (PD)  for  24  hr.  Control 
cultures  overexpressing  ca-PAK-1  were  treated  with  LK  alone.  After  24  hr, 
cells  were  fixed,  and  immunocytochemistry  was  performed.  Transfected 
cells’  viability  was  quantified  by  DAPI  staining  of  nuclear  DNA.  *P  <  0.05 
vs.  control  cultures  by  Student’s  Ptest.  Error  bars  are  SEM. 
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Fig.  6.  IGF-1  stimulates  PAK-1  kinase  activity.  Neuronal  cultures  were 
switched  to  LK  medium  for  2  hr,  followed  by  treatment  with  50  ng/ ml  of 
IGF-1  for  30  or  60  min.  Whole-cell  lysates  were  prepared  and  PAK-1 
immunoprecipitated.  The  immunoprecipitated  PAK-1  was  used  in  an  in 
vitro  kinase  reaction  containing  radiolabeled  ATP  and  with  histone  H4  as 
substrate.  After  SDS-PAGE  and  transfer  to  PVDF  membrane,  the  extent  of 
histone  H4  phosphorylation  was  visualized  via  autoradiography.  The  same 
membrane  was  probed  with  a  PAK-1  antibody. 


neurons.  Previous  studies  have  shown  that  the  activation 
of  PAK-1  by  PDK1  is  independent  of  PI-3  kinase  and 
3-phosphoinsotides  (King  et  al.,  2000).  Consistent  with 
this  finding,  we  find  that  pharmacological  inhibition  of 


1  hr  3  hr  6  hr 


HK  LK  HK  LK  HK  LK 


Fig.  7.  Western  blot  analysis  of  PAK-2  following  LK  treatment.  Cer¬ 
ebellar  granule  neurons  were  switched  to  LK  medium  for  the  periods 
shown.  Whole-cell  lysates  were  prepared  and  subjected  to  Western  blot 
analysis  using  a  PAK-2  antibody.  No  major  change  of  expression  or 
cleavage  of  the  full  form  of  PAK-2  was  observed. 


PI-3  kinase  does  not  inhibit  the  ability  of  PAK-1  to 
promote  neuronal  survival.  It  is  unclear  whether  the  in¬ 
teraction  with  PDK1  is  important  for  PAK-1 -mediated 
neuronal  survival.  We  have  found  that  treatment  with 
ML-9,  which  inhibits  Akt  activity  in  cerebellar  granule 
neurons  (Chin  and  D’Mello,  2004)  and  in  other  cell  types 
(Hernandez  et  al.,  2001;  Smith  et  al.,  2001;  Desbois- 
Mouthon  et  al.,  2002),  blocks  neuronal  survival  by 
PAK-1,  suggesting  the  requirement  for  Akt. 

In  summary,  we  have  identified  PAK-1  as  a  mole¬ 
cule  that  is  involved  in  the  regulation  of  neuronal  survival 
and  one  that  is  required  for  survival  promotion  by  depo¬ 
larization.  Although  further  work  will  reveal  the  molecu¬ 
lar  mechanism  by  which  PAK-1  acts  to  promote  neuronal 
survival,  our  results  suggest  the  involvement  of  PDK-1 
and  Akt. 
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Abstract 

Increasing  evidence  suggests  that  neuronal  apoptosis  is 
triggered  by  the  inappropriate  activation  of  cyclin-dependent 
kinases  leading  to  an  abortive  re-entry  of  neurons  into  the  cell 
cycle.  Pharmacological  inhibitors  of  cell-cycle  progression  may 
therefore  have  value  in  the  treatment  of  neurodegenerative 
diseases  in  humans.  GW8510  is  a  3'  substituted  indolone  that 
was  developed  recently  as  an  inhibitor  of  cyclin-dependent 
kinase  2  (CDK2).  We  found  that  GW8510  inhibits  the  death  of 
cerebellar  granule  neurons  caused  by  switching  them  from  high 
potassium  (HK)  medium  to  low  potassium  (LK)  medium. 
Although  GW851 0  inhibits  CDK2  and  other  CDKs  when  tested 
in  in  vitro  biochemical  assays,  when  used  on  cultured  neurons  it 
only  inhibits  CDK5,  a  cytoplasmic  CDK  that  is  not  associated 
with  cell-cycle  progression.  Treatment  of  cultured  HEK293T 
cells  with  GW8510  does  not  inhibit  cell-cycle  progression, 
consistent  with  its  inability  to  inhibit  mitotic  CDKs  in  intact  cells. 
Neuroprotection  by  GW8510  is  independent  of  Akt  and 
MEK-ERK  signaling.  Furthermore,  GW851 0  does  not  block  the 
LK-induced  activation  of  Gsk3p  and,  while  inhibiting  c-jun 
phosphorylation,  does  not  inhibit  the  increase  in  c-jun  expres¬ 


sion  observed  in  apoptotic  neurons.  We  also  examined  the 
effectiveness  of  other  3'  substituted  indolone  compounds  to 
protect  against  neuronal  apoptosis.  We  found  that  like 
GW8510,  the  VEGF  Receptor  2  Kinase  Inhibitors  [3-(1  H-pyrrol- 

2- ylmethylene)-1 ,3-dihydroindol-2-one],  {(Z)-3-[2,4-Dimethyl- 

3- (ethoxycarbonyl)pyrrol-5-yl)methylidenyl]indol-2-one}  and 
[(Z)-5-Bromo-3-(4,5,6,6-tetrahydro-1  H-indol-2-ylmethylene)- 

I , 3-dihydroindol-2-one],  the  Src  family  kinase  inhibitor  SU6656 
and  a  commercially  available  inactive  structural  analog  of  an 
RNA-dependent  protein  kinase  inhibitor  5-Chloro-3-(3,5- 
dichloro-4-hydroxybenzylidene)-1 ,3-dihydro-indol-2-one,  are 
all  neuroprotective  when  tested  on  LK-treated  neurons.  Along 
with  our  recent  identification  of  the  c-Raf  inhibitor  GW5074 
(also  a  3'  substituted  indolone)  as  a  neuroprotective  com¬ 
pound,  our  findings  identify  the  3'  substituted  indolone  as  a  core 
structure  for  the  designing  of  neuroprotective  drugs  that  may  be 
used  to  treat  neurodegenerative  diseases  in  humans. 
Keywords:  cerebellar  granule  neurons,  cyclin-dependent 
kinases,  neurodegeneration,  neuronal  apoptosis,  neuro¬ 
protection,  3'  substituted  indolones. 
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A  common  feature  of  many  neurological  disorders  is  the 
decrease  in  nervous  system  functionality  resulting  from  a 
loss  of  neurons.  While  drugs  that  provide  symptomatic 
benefit  for  some  neurodegenerative  diseases  are  available, 
these  do  not  slow  down  the  pathological  loss  of  neurons.  A 
number  of  studies  performed  using  animal  models  of 
neurodegenerative  diseases  have  demonstrated  that  blocking 
neuronal  death  can  improve  behavioral  outcome  (reviewed 
in  Saporito  et  al.  2002;  Vila  and  Przedborski  2003).  A 
substantial  amount  of  pharmaceutical  research  on  neurode¬ 
generative  diseases  has  therefore  focused  recently  on 
identifying  small  molecule  inhibitors  of  neuronal  cell  death. 
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Many  of  these  studies  have  been  performed  using  cell 
culture  paradigms  such  as  trophic  factor-deprived  sympa¬ 
thetic  neurons,  cerebellar  granule  neurons  exposed  to  non- 
depolarzing  medium  and  cortical  neurons  treated  with 
DNA-depolarizing  agents  (reviewed  in  Deshmukh  and 
Johnson  1997;  D’Mello  1998;  Mattson  2000;  Chang  et  al. 
2002). 

A  substantial  body  of  evidence  obtained  largely  from 
in  vitro  paradigms  suggests  that  apoptosis-inducing  stimuli 
might  reactivate  components  of  the  cell-cycle  machinery 
that  are  normally  quiescent  in  mature  neurons  (reviewed  in 
Liu  and  Greene  2001;  O’Hare  et  al.  2002;  Becker  and 
Bonni  2004).  Being  post-mitotic,  neurons  are  unable  to 
completely  traverse  the  cell  cycle  and  instead,  undergo 
apoptosis.  Several  studies  have  demonstrated  the  up-regu- 
lation  of  cyclins,  cyclin-dependent  kinases  (CDKs),  E2F  or 
retinoblastoma  protein  (Rb)  during  neuronal  apoptosis  in 
culture  systems  (Freeman  et  al.  1994;  Park  et  al.  1997a,b; 
Padmanabhan  et  al.  1999;  O’Hare  et  al.  2000;  Neystat 
et  al.  2001;  Konishi  and  Bonni  2003;  Rideout  et  al.  2003). 
The  induction  and  possible  involvement  of  CDKs  in 
neuronal  loss  has  also  been  reported  in  in  vivo  models  of 
degeneration  (Cruz  et  al.  2003;  Wen  et  al.  2004).  En¬ 
couragingly,  pharmacological  inhibitors  of  CDKs  protect 
against  neuronal  cell  death  caused  by  several  different 
apoptotic  stimuli  (Park  et  al.  1997a,b;  Padmanabhan  et  al. 
1999;  O’Hare  et  al.  2000;  Neystat  et  al.  2001;  Konishi  and 
Bonni  2003;  Rideout  et  al.  2003).  The  therapeutic  value  of 
such  inhibitors  for  the  treatment  of  neurodegenerative 
conditions  is  thus  being  actively  considered  (reviewed  in 
O’Hare  et  al.  2002). 

Among  the  most  commonly  used  CDK  inhibitors  are 
flavoperidol  (a  flavonoid  derivative;  Losiewicz  et  al.  1994), 
roscovitine  and  olomoucine  (both  purine  derivatives;  Vesely 
et  al.  1994;  Meijer  et  al.  1997).  Recently,  a  CDK  inhibitor 
called  GW8510  that  is  structurally  different  from  the  other 
known  CDK  inhibitors  was  identified  (Davis  et  al.  2001). 
In  this  study,  we  examined  whether  GW8510  could  protect 
neurons  from  apoptosis.  We  found  that  GW8510  blocks  the 
death  of  cerebellar  granule  neurons  induced  to  die  by  low 
potassium  (LK)  treatment.  We  also  found,  however,  that 
although  GW8510  inhibits  several  CDKs  in  kinase  assays 
performed  in  vitro ,  treatment  of  neuronal  cultures  with  this 
drug  inhibits  only  CDK5  activity  significantly.  Because 
GW8510  is  a  3'  substituted  indolone  that  shares  structural 
similarity  with  another  neuroprotective  drug,  GW5074,  that 
we  recently  identified  (Chin  et  al.  2004),  we  examined 
whether  other  3'  substituted  indolone  compounds  were  also 
neuroprotective.  This  analysis  led  to  the  identification  of 
five  other  compounds  capable  of  inhibiting  neuronal 
apoptosis.  More  importantly,  our  analysis  identified  3' 
substituted  indolones  as  a  core  structure  on  which  neuro¬ 
protective  drugs  with  potential  therapeutic  value  could  be 
designed. 


Materials  and  methods 

Materials 

All  tissue  culture  media  and  reagents  were  from  Invitrogen 
(Carlsbad,  CA,  USA).  GW8510  and  GW5074  were  from  Sigma 
(St  Louis,  MO,  USA),  and  all  other  indolone  drugs  used  in  this 
study  were  from  Calbiochem  (San  Diego,  CA,  USA).  The  following 
antibodies  were  used:  CDK1  (sc-954),  CDK2  (sc- 163),  CDK4 
(sc-60 1G)  and  CDK5  (sc-6247)  (Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA,  USA),  p-Akt  (#9471),  p-ERK  (#9101),  p-MEK  (#9121), 
P-GSK3  (#9331),  p-c-Raf  (#9421)  and  c -jun  (#9162)  (Cell  Signa¬ 
ling,  Beverly,  MA,  USA).  All  antibodies  were  used  at  1  :  1000. 
Secondary  antibodies  (Santa  Cruz)  were  peroxidase-conjugated  goat 
anti-rabbit  IgG  (sc-2004;  1  :  10  000),  donkey  anti-goat  IgG 
(sc-2020;  1  :  5000)  and  goat  anti-mouse  IgG  (sc-2005;  1:10  000). 

Neuronal  cultures,  treatments  and  cell  viability  assays 
Cerebellar  granule  neurons  were  cultured  from  7-  to  8-day-old 
Wistar  rats  as  previously  described  (D’Mello  et  al.  1993).  The  cells 
were  plated  in  Basal  Minimal  Eagle  (BME)  medium,  supplemented 
with  10%  serum,  25  uim  KC1,  glutamine  and  gentamycin  (D’Mello 
et  al.  1993),  in  24-well  dishes  (1  x  106  cells/well  for  viability 
assays),  60  mm  dishes  (10  x  106  cells/dish  for  western  blots)  and 
100  mm  dishes  (25  x  106  cells/dish  for  immunoprecipitations). 
Cytosine  arabinofuranoside  (10  jj,m)  was  added  to  the  culture 
medium  1 8-22  h  after  plating  to  prevent  replication  of  non-neuronal 
cells.  Treatments  were  performed  6-7  days  after  plating.  For 
treatments,  the  cultures  were  switched  to  serum-free  BME  medium 
in  the  absence  (LK  medium)  or  presence  of  25  ium  KC1  (HK 
medium).  Candidate  neuroprotective  drugs  were  added  to  LK 
medium  at  the  time  the  medium  was  switched.  Cell  viability  was 
quantified  using  the  MTT  [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe- 
nyl-2H  tetrazolium  bromide]  assay  or  by  staining  nuclei  with 
4',6'-diamidino-2-phenylindole  hydrochloride  (DAPI)  as  previously 
described  (Koulich  et  al.  2001;  Yalcin  et  al.  2003). 

Adenoviral  infection 

The  adenoviral  expression  vector  encoding  dominant-negative  Akt 
was  a  gift  from  Wataru  Ogawa  (Kobe  University,  Hyogo,  Japan). 
Infection  of  neurons  with  this  vector  was  performed  on  day  5  after 
plating.  The  complete  medium  was  set  aside,  then  the  neurons  were 
washed  twice  with  serum-free  medium  and  100  MOI  of  virus  was 
added.  After  a  2  h  incubation,  the  vims  was  washed  off  and  the 
original  medium  was  replaced.  The  protein  was  allowed  to 
overexpress  for  24  h  before  treatment  was  initiated. 

Treatment  of  HEK293T  cells 

HEK293T  cells  were  obtained  from  the  American  Type  Culture 
Collection  (ATCC,  Manassas,  VA,  USA)  and  cultured  in  Dulbecco’s 
modified  Eagle’s  medium  (DMEM)  with  100  IU/mL  penicillin, 
100  |ig/mL  streptomycin  and  10%  newborn  calf  semm  (NCS). 

Treatment  of  HEK293T  cells  with  GW8510  or  roscovitine  was 
performed  using  cells  that  were  freshly  split  from  subconfluent 
100  mm  dishes.  The  cells  were  pelleted  by  low  speed  centrifugation 
and  washed  twice  with  serum-free  medium.  Cells  were  then  plated 
in  24-well  dishes  at  a  density  of  1  x  105  cells/well.  Semm  (10% 
NCS),  GW8510  and  roscovitine,  were  added  to  the  serum-free 
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medium  at  the  time  of  plating.  Viability  was  quantified  by 
visualization  of  morphology.  Similar  results  were  obtained  using 
the  trypan  blue  exclusion  assay. 

Western  blotting 

Cells  were  treated  as  stated  above  and  in  figure  legends,  followed 
by  two  washes  with  cold  phosphate-buffered  saline  (PBS);  they 
were  then  lysed  in  lysis  buffer  (20  mM  Tris-HCl  pH  7.5,  150  mM 
NaCl,  1  mM  Na2EDTA,  1  mM  EGTA,  1%  Triton,  2.5  mM  sodium 
pyrophosphate,  1  mM  P-glycerophosphate,  1  mM  Na3V04,  1  pg/mL 
leupeptin;  Cell  Signaling)  with  a  protease  inhibitor  cocktail  tablet 
(Roche,  Indianapolis,  IN,  USA).  The  lysates  were  centrifuged  at 
4°C  at  9000  g  for  10  min.  Supernatant  fluids  were  taken  and  protein 
amounts  normalized  by  Bradford  assay  (500-0006;  Bio-Rad, 
Hercules,  CA,  USA).  For  whole  cell  lysates,  30  pg  were  taken 
and  3x  sodium  dodecyl  sulfate  (SDS)  sample  buffer  added 
(187.5  mm  Tris-HCl  pH  6.8  at  25°C,  6%  SDS,  30%  glycerol, 
150  mM  dithiothreitol  (DTT),  0.03%  bromphenol  blue).  The 
samples  were  then  treated  as  described  in  Yalcin  et  al.  (2003). 
Briefly,  the  lysates  were  heated  at  95  °C  for  4  min,  separated  by 
SDS-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and  trans¬ 
ferred  electrophoretically  to  polyvinylidene  difluoride  membranes 
(PVDF;  Bio-Rad).  After  staining  with  Ponceau  S  to  check  for 
uniformity  of  loading  and  transfer,  membranes  were  incubated  at 
4°C  with  the  indicated  antibodies  on  a  rocker  overnight.  The 
membranes  were  incubated  with  secondary  antibody  for  1  h  at 
room  temperature  and  developed  by  enhanced  chemiluminesence 
(Amersham  Bioscience,  Piscataway,  NJ,  USA). 

Activity  of  CDK  and  other  kinases 

For  CDK  activity  assays,  300  pg  total  protein  were  taken  and  1  pg 
of  indicated  antibody  was  added  to  the  lysate,  followed  by 
agitation  overnight  at  4°C.  The  next  morning,  25  pL  protein  A/G 
plus  agarose  beads  (sc-2003,  Santa  Cruz)  were  added  and  the 
mixture  rocked  at  4°C  for  2  h.  The  bead/immune  complexes  were 
pelleted  and  washed  three  times  with  the  lysis  buffer  without  a 
protease  inhibitor  cocktail  tablet,  followed  by  three  washes  with 
kinase  buffer  (40  mM  Tris-HCl  pH  7.5,  8  mM  MgCl2,  50  mM 
p-glycerol  phosphate,  1  mM  DTT).  The  immune  complex  was 
then  resuspended  in  30  pL  kinase  buffer  plus  1  mM  cold  ATP, 
1  pCi  [y-32P]  ATP  and  5  pg  histone  HI  (Sigma),  and  incubated  for 
30  min  at  30°C.  The  reaction  was  stopped  by  addition  of  3x  SDS- 
PAGE  sample  buffer  (187.5  mM  Tris-HCl,  pH  6.8  at  25°C,  6% 
SDS,  30%  glycerol,  150  mM  DTT,  0.03%  bromphenol  blue).  The 
samples  were  separated  and  transferred  to  PVDF  membranes  as 
described  above.  Following  Ponceau  S  staining,  membranes  were 
visualized  by  autoradiography  on  a  Storm  840  (Amersham 
Biosciences). 

Other  in  vitro  kinase  assays  were  performed,  with  purified  kinase 
and  synthetic  substrates  under  standard  conditions,  using  the  Kinase 
Profiling  service  of  Upstate  Biotechnology.  For  each  assay, 
5-10  mU  purified  kinase  were  used  in  a  reaction  mixture  containing 
100  pM  ATP. 


Fluorescence-activated  cell  sorter  (FACS)  analysis 
HEK293T  cells  were  treated  with  culture  medium  (DMEM  with 
10%  NCS)  plus  1  pM  GW8510  or  50  pM  roscovitine  and  harvested 


at  a  24  h  time  point.  Cells  were  washed  twice  with  cold  PBS  and 
fixed  in  cold  70%  ethanol  at  4°C  overnight.  Approximately  106  cells 
were  incubated  with  100  pg/mL  RNAse  A  (Roche)  and  40  pg/mL 
propidium  iodide  (PI,  Sigma);  DNA  content  was  analyzed  by  FACS 
using  a  FACS-Calibur  instrument  (BD  Biosciences,  San  Diego, 
CA,  USA).  Data  were  plotted  using  CellQuest  software  (BD 
Biosciences);  10  000  events  were  analyzed  for  each  sample.  Data 
were  also  analyzed  using  the  MODFit  LT  3.0  software  (BD 
Biosciences). 


Results 


GW8510  is  protective  against  LK-induced  apoptosis 

Cultured  cerebellar  granule  neurons  undergo  apoptosis  when 
switched  from  HK  medium  to  LK  medium.  As  shown  in 


Fig.  1  GW8510  prevents  LK-induced  neuronal  apoptosis,  (a)  DAPI 
staining  of  neuronal  cultures  treated  with  HK  medium,  LK  medium,  or 
LK  medium  containing  1  pM  GW8510.  Staining  was  performed  24  h 
after  treatment,  (b)  Phase-contrast  micrograph  of  cultures  treated  with 
HK  medium,  LK  medium,  or  LK  medium  containing  1  pM  GW8510  24  h 
after  treatment,  (c)  Dose-response  analysis  showing  effectiveness  of 
various  concentrations  of  GW8510.  Viability  was  quantified  24  h  after 
treatment  and  expressed  as  percentage  of  viability  in  HK.  The  results 
shown  come  from  three  independent  experiments.  *p  <  0.05  and 
**p  <  0.005  mean  value  ±  standard  deviation  compared  with  viability  of 
culture  receiving  LK. 
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Fig.  1,  LK-induced  apoptosis  is  inhibited  by  GW8510.  Total 
protection  was  seen  at  doses  of  1  |im  and  higher.  The  effect 
of  GW8510  at  higher  doses  was  studied.  No  toxic  effect  was 
observed  even  when  the  drug  was  used  at  10  |im.  GW8510 
had  no  effect  on  cultures  treated  with  HK  medium  (data  not 
shown). 
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GW8510  inhibits  CDKs  in  vitro  but  has  a  weak  effect 
on  classical  CDKs  in  cultured  cells 

GW8510  was  discovered  to  be  a  potent  inhibitor  of  CDK2 
(IC50  =  60  nM)  when  tested  in  vitro  (Davis  et  al.  2001).  In 
addition  to  CDK2,  Davis  and  co-workers  reported  that 
GW8510  also  inhibited  other  CDKs,  including  CDKs  4  and 
6,  albeit  at  a  higher  concentration  (Davis  et  al.  2001).  To 
confirm  and  extend  these  results,  we  tested  the  effect  of 
GW8510  on  a  variety  of  CDKs  as  well  as  on  certain  other 
kinases  in  assays  utilizing  purified  kinases  and  synthetic 
peptide  substrates.  Consistent  with  the  findings  of  Davis 
et  al.  (2001),  GW8510  was  most  selective  against  CDK2. 
CDK1,  CDK3  and  CDK5  were  also  strongly  inhibited  by 
GW8510  when  tested  at  100  nM  (Table  1),  the  dose  at  which 
a  measurable  protective  effect  of  GW8510  on  cultured 
neurons  is  observed.  Besides  CDKs  2,  3  and  5,  moderate 
inhibition  of  CDK1  and  Gsk3|3  was  also  observed  (Table  1). 
A  smaller  but  significant  amount  of  inhibition  was  seen  on 
c-Raf,  JNK3,  MKK7  and  MSK1  (Table  1).  In  contrast, 
SAPK2a,  SAPK2b,  JNK1  and  JNK2  were  not  inhibited  by 
GW8510. 

To  confirm  that  GW8510  inhibited  CDK2  and  related 
CDKs,  we  used  cell  lysates  prepared  from  cerebellar  granule 
neurons  treated  with  HK  or  LK  medium.  CDK2  and  other 
CDKs  were  immunoprecipitated  using  specific  antibodies 
and  the  effect  of  GW8510  on  the  immunoprecipitated  kinase 

Table  1  All  kinase  assays  were  performed  using  100  nM  GW8510  and 
100  |im  ATP 


Kinase 

Activity 
(%  control) 

CDKI/cyclin  B 

33 

CDK2/cyclin  E 

2 

CDK3/cyclin  E 

5 

CDK5/p35 

8 

c-Raf 

68 

Gsk3(3 

40 

JNK1 

93 

JNK2 

97 

JNK3 

74 

MKK4 

98 

MKK6 

110 

MKK7 

77 
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78 
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100 
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98 
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Fig.  2  Effect  of  GW851 0  on  activity  of  CDKs.  (a)  Effect  of  GW851 0  on 
CDK2,  4  and  5  in  vitro :  Neuronal  cultures  were  treated  with  HK  or  LK 
medium  and  whole  cell  lysates  prepared.  CDK2,  CDK4  or  CDK5 
immunoprecipitated  from  the  lysate,  and  aliquots  of  the  kinases  from 
HK  and  LK  lysates,  were  used  in  in  vitro  kinase  assays  in  the  absence 
(-  GW)  or  presence  (+  GW)  of  1  |wi  GW8510.  Histone  HI  was  used 
as  substrate.  For  CDK2  and  CDK4,  lysates  from  cultures  treated  for 
6  h  was  used  while  for  CDK5,  lysates  were  prepared  after  3  h  of 
treatment.  The  panel  showing  Histone  HI  is  from  the  staining  of  the 
membrane  with  Coomassie  blue  and  controls  for  the  similarity  in  the 
amount  of  substrate  used,  (b)  Activity  of  CDK2,  4  and  5  in  GW8510- 
treated  neuronal  cultures.  Neurons  switched  to  HK,  LK  or  LK  medium 
containing  1  |wi  GW8510.  CDK2,  CDK4  and  CDK5  were  immuno¬ 
precipitated  from  whole  cell  lysates  and  used  in  kinase  assays  with 
Histone  HI  as  substrate.  For  CDK1  and  CDK2,  the  cultures  were 
treated  for  6  h,  while  treatment  for  CDK5  assays  was  performed  for 
3  h.  The  panel  showing  Histone  HI  is  from  staining  of  the  membrane 
with  Coomassie  blue.  A  western  blot  of  the  supernatant  fluid  of  the 
CDK  immunoprecipitation  was  performed  using  a  tubulin  antibody  to 
demonstrate  that  similar  amounts  of  input  lysate  were  used  for 
immunoprecipitation. 


was  studied.  The  activities  of  CDK2  and  CDK5  were 
markedly  increased  in  LK-treated  cultures  (Fig.  2).  As 
observed  with  purified  kinase,  addition  of  GW8510  to 
CDK2  immunoprecipitated  from  LK-treated  cultures  inhib¬ 
ited  its  activity  (Fig.  2a).  Surprisingly,  however,  when 
GW8510  was  added  to  cultures  of  neurons  and  the  CDK2 
immunoprecipitated  from  these  drug-treated  cultures,  CDK2 
activity  was  only  modestly  reduced.  Similarly,  CDK4 
activity  was  inhibited  when  GW8510  was  added  directly  to 
the  immunoprecipitated  kinase  in  vitro ,  but  not  inhibited 
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when  added  to  cultured  neurons  (Figs  2a  and  b).  In  contrast, 
CDK5,  a  non-mitotic  and  cytoplasmic  CDK5  that  is  active 
only  in  neurons,  is  inhibited  by  GW8510  both  in  vitro  and 
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in  vivo  (Figs  2a  and  b).  The  inability  to  inhibit  the  activity  of 
mitotic  CDKs  more  strongly  in  intact  neurons  raised  the 
possibility  that  neuroprotection  by  GW8510  was  not  due  to  a 
blockade  of  cell-cycle  progression. 

To  investigate  this  possibility,  we  treated  serum-stimulated 
HEK293T  cells  with  GW8510  or  roscovitine,  a  well  estab¬ 
lished  and  commonly  used  CDK  inhibitor  that  inhibits  CDKs 
1,  2  and  5  most  potently  (Meijer  et  al.  1997).  Roscovitine  is  a 
purine  derivative  and  thus,  structurally  distinct  from 
GW8510.  Inhibition  of  CDKs  by  roscovitine  in  HEK293T 
cells  that  are  stimulated  to  proliferate  leads  to  their  death 
(Figs  3  a  and  b).  Treatment  with  GW8510,  on  the  other  hand, 
had  no  effect  on  cell  viability  (Figs  3  a  and  b),  consistent  with 
the  possibility  that  it  does  not  inhibit  cell-cycle  progression 
efficiently.  Even  when  used  at  10  |im,  a  dose  that  is  10-fold 
higher  than  that  at  which  it  is  neuroprotective,  GW8510  did 
not  affect  the  viability  of  HEK293T  cells  (Johnson  and 
D’Mello,  unpublished  observation).  To  compare  the  effects 
of  GW8510  and  roscovitine  more  directly,  we  performed 
FACS  analysis  of  HEK293T  cells  treated  with  the  two  drugs. 
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Fig.  3  Effect  of  GW8510  and  roscovitine  on  HEK293T  cell  prolifer¬ 
ation.  (a)  and  (b)  Freshly  split  HEK293T  cells  were  plated  in  DMEM 
medium  containing  no  serum  or  medium  containing  10%  serum,  10% 
serum  plus  50  |tm  roscovitine  or  1  GW851 0.  Viability  was  quantified 

24  h  later,  (a)  Phase-contrast  appearance  of  cultures  24  h  after 
treatment,  (b)  Viability  of  cultures  expressed  as  percentage  of  control 
cultures  which  received  medium  containing  10%  serum.  Results  come 
from  three  independent  experiments  performed  in  duplicate,  (c)  FACS 
analysis  of  cell-cycle  progression.  HEK293T  cells  were  treated  with 
1  |wi  GW8510  (GW)  or  50  jtm  roscovitine  (Ros)  or  normal  culture 
medium  (DMEM  with  10%  NCS)  for  24  h.  Subsequently,  cells  were 
fixed  and  stained  with  propidium  iodide  and  analyzed  by  FACS  using 
MODfit  LT  3.0.  The  values  shown  are  averages  (mean  ±  SD)  of  an 
experiment  performed  in  triplicate.  The  data  shown  above  are  repre¬ 
sentative  of  three  similar  experiments. 


Fig.  4  GW8510  and  roscovitine  affect  Gsk3(3  and  c-jun  differently,  (a) 
Western  blot  analysis  was  performed  with  lysates  obtained  from 
neuronal  cultures  treated  with  HK  medium  (HK),  LK  medium  (LK)  or 
LK  medium  containing  1  GW8510  or  50  jwi  roscovitine  (roscov)  for 

3  h.  The  figure  shows  the  results  obtained  using  antibodies  against 
c-jun  and  phosphorylated  Gsk3p.  The  dephosphorylation  of  Gsk3(3  by 
LK  is  potentiated  by  GW8510.  In  contrast,  phosphorylation  of  Gsk3(3 
remains  elevated  with  roscovitine.  With  c-jun,  GW8510  treatment 
inhibits  LK-induced  c-jun  phosphorylation  (upper  band  in  doublet),  but 
not  the  increase  in  expression  (lower  band).  Roscovitine  inhibits  both 
phosphorylation  and  expression  of  c-jun.  The  experiment  was  repea¬ 
ted  three  times  with  similar  results,  (b)  Quantification  of  c-jun  phos¬ 
phorylation  induction.  Density  of  the  bands  corresponding  to  c-jun  and 
phospho-c-y'u/7  were  quantified  using  Image  Quant  software.  The 
graph  shows  results  from  three  independent  experiments.  Standard 
bars  represent  SEM. 
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As  shown  in  Fig.  3(c),  treatment  with  roscovitine  inhibits 
cell-cycle  progression  at  the  Gl/S  phase.  In  contrast, 
GW8510  treatment  did  not  affect  cell-cycle  progression 
significantly,  confirming  that  it  did  not  inhibit  mitotic  CDKs 
in  intact  cells. 

We  compared  the  effects  of  GW8510  and  roscovitine  on 
specific  signaling  proteins  known  to  regulate  neuronal 
apoptosis.  One  of  these  molecules  was  Gsk3|3,  a  protein 
implicated  in  the  promotion  of  apoptosis  in  cerebellar  granule 
neurons  as  well  as  other  cell  types.  Activation  of  Gsk3|3  is 
inhibited  by  its  phosphorylation  at  Ser9  (Li  et  al.  2000).  Like 
HK,  roscovitine  treatment  prevents  the  dephosphorylation  of 
Gsk3|3  that  occurs  with  LK  treatment  (Fig.  4).  In  contrast, 
dephosphorylation  of  Gsk3(3  is  even  more  pronounced  in 
cultures  treated  with  GW8510. 

C-jun  is  another  molecule  that  is  central  to  neuronal 
apoptosis  (Estus  et  al.  1994;  Ham  et  al.  1995;  Watson  et  al. 
1998).  During  apoptosis,  c-jun  is  phosphorylated  by  jun 
N-terminal  kinase  (JNK;  Eilers  et  al  1998).  Once  activated 
by  phosphorylation,  c-jun  can  stimulate  its  own  expression 
transcriptionally  (reviewed  in  Barr  and  Bogoyevitch  2001). 
As  described  by  other  investigators  (Ham  et  al.  1995;  Watson 
et  al.  1998),  LK  treatment  of  cerebellar  granule  neurons  leads 
to  an  increase  in  both  phosphorylation  and  its  expression. 
Both  of  these  changes  are  inhibited  by  HK  and  roscovitine 
(Figs  4a  and  b).  While  clearly  preventing  c-jun  phosphory¬ 
lation,  treatment  with  GW85 10  does  not  inhibit  the  increase  in 
c-jun  expression  (Figs  4a  and  b).  Although  GW8510  and 
roscovitine  affect  Gsk3(3  and  c-jun  differently,  they  did  have 
similar  effects  on  certain  other  molecules  (see  below). 

GW8510  acts  in  a  MEK-ERK  and  Akt-independent 
manner 

We  examined  whether  treatment  of  neurons  with  GW8510 
had  any  stimulatory  effect  on  components  of  anti-apoptotic 
signaling  pathways.  The  Raf-MEK-ERK  pathway  is  known 
to  mediate  neuroprotection  in  some  systems  (Bonni  et  al. 
1995).  Activation  of  c-Raf  depends  on  the  dephosphorylation 
of  the  protein  at  an  inhibitory  site,  Ser259  (reviewed  in 
Dhillon  and  Kolch  2002;  Hindley  and  Kolch  2002).  As 
shown  in  Fig.  5,  switching  of  cerebellar  granule  neurons  to 
LK  medium  results  in  higher  phosphorylation  of  Ser259, 
indicating  lower  activity  of  c-Raf  in  this  condition.  Not 
surprisingly,  the  level  of  MEK  and  ERK  phosphorylation 
(which  is  necessary  for  the  activation  of  these  kinases)  is  also 
lower  in  LK  (Fig.  5).  GW8510  treatment  fails  to  prevent  the 
increase  in  c-Raf  phosphorylation  at  Ser259,  or  the  decline  in 
MEK  and  ERK  phosphorylation  that  occurs  following  LK 
treatment  (Fig.  5). 

To  confirm  that  Raf-MEK-ERK  signaling  was  not  required 
for  neuroprotection  by  GW8510,  we  used  U0126,  a  potent 
and  specific  chemical  inhibitor  of  MEK.  U0126  did  not  affect 
neuroprotection  by  GW8510  (Fig.  6).  As  observed  in  other 
cell  types,  we  have  confirmed  that  U0126  completely  blocks 
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Fig.  5  GW8510  does  not  activate  Raf-MEK-ERK  signaling.  Neuronal 
cultures  were  switched  to  HK  medium  (HK),  LK  medium  (LK)  or  LK 
medium  containing  1  |im  GW851 0  or  50  roscovitine  (roscov).  Whole 
cell  lysates  were  prepared  3  h  after  treatment  and  analyzed  by  western 
blot  analysis  using  antibodies  specific  for  c-Raf  phosphorylated  at 
Ser259,  phosphorylated  MEK  and  phosphorylated  ERK.  The  reduction 
in  phosphorylation  of  MEK  and  ERK,  and  increased  c-RafSer259  phos¬ 
phorylation  occurring  after  LK  treatment,  is  not  affected  by  GW8510. 

MEK  activity  when  used  at  10  |im  (Chin  et  al  2004).  Similar 
results  were  also  observed  with  PD98059,  another  MEK 
inhibitor  that  is  structurally  distinct  from  U0126  (Fig.  6). 
Thus,  the  Raf-MEK-ERK  pathway  is  not  necessary  for 
GW8510-mediated  neuroprotection. 

Another  powerful  anti-apoptotic  signaling  pathway  is  the 
PI-3  kinase-Akt  pathway.  In  cultured  cerebellar  granule 
neurons,  this  pathway  is  necessary  for  the  survival-promoting 
effect  of  IGF- 1,  but  not  of  HK  or  cyclic  AMP  (D’Mello  et  al 
1997;  Datta  et  al.  1997;  Dudek  et  al  1997;  Liu  and  Greene 
2001;  Chin  et  al.  2004).  In  contrast  to  IGF-1,  which 
stimulates  Akt  phosphorylation  and  activity,  switching  of 
cerebellar  granule  neurons  from  the  medium  containing 
serum  and  elevated  potassium  in  which  they  are  plated  to 
serum-free  HK  or  LK  medium  leads  to  a  reduction  in  Akt 
phosphorylation  at  Ser473  (Kumari  et  al.  2001;  Fig.  7). 
Treatment  with  GW8510  failed  to  prevent  the  reduction  in 
Ser473  phosphorylation,  although  in  comparison  with  HK  or 
roscovitine,  the  decline  in  phosphorylation  was  delayed 
(compare  phosphorylation  at  1  h  vs.  3  h  in  Fig.  7).  To 


Fig.  6  Neuroprotection  by  GW8510  is  not  inhibited  by  pharmacologi¬ 
cal  inhibition  of  MEK  and  PI-3  kinase-Akt  signaling.  Neuronal  cultures 
were  switched  to  LK  medium  containing  no  additives  or  supplemented 
with  1  hm  GW8510  and  40  *im  PD98059  (PD),  10  hm  U0126,  100  nM 
Wortmannin  or  20  |wi  ML-9.  Cell  viability  was  quantified  24  h  later. 
Control  cells  received  LK  medium  plus  1  |wi  GW8510. 
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Fig.  7  Neuroprotection  by  GW8510  is  Akt-independent.  (a)  Western 
blot  analysis  of  Akt  phosphorylation.  Seven-day-old  neurons  plated  in 
medium  containing  10%  FCS  and  25  itim  KCI  cultures  were  either 
untreated  (Unt)  or  switched  to  HK  medium  (HK),  LK  medium  (LK),  or 
LK  medium  containing  1  |am  GW8510  or  50  |tm  roscovitine  (roscov). 
Whole  cell  lysates  were  prepared  1  h  and  3  h  after  treatment  and  the 
phosphorylation  of  Akt  analyzed  by  western  blotting  using  an  antibody 
specific  for  phospho-AktSer  473 .  The  same  blot  was  reprobed  with  total 
Akt.  Although  GW8510  can  prevent  Akt  dephosphorylation  at  1  h,  by 
3  h  this  effect  is  lost,  (b)  Neuronal  cultures  were  infected  with  an 
adenoviral  construct  expressing  a  dominant-negative  Akt  (dn-Akt) 
construct  that  was  HA-tagged.  The  cultures  were  then  switched  to  LK 
medium  containing  1  GW8510  or  50  ng/mL  IGF-1 .  After  24  h,  the 

proportion  of  infected  cells  (as  judged  by  positive  HA  immunoreac- 
tivity)  that  was  apoptotic  (as  judged  by  nuclear  condensation  or  frag¬ 
mentation  visualized  by  DAPI-staining)  was  quantified.  While  dn-Akt 
inhibited  IGF-1 -mediated  neuronal  survival,  it  had  no  effect  on  survival 
by  GW8510. 


examine  further  whether  PI-3  kinase-Akt  signaling  is 
involved  in  GW8510-mediated  neuroprotection,  we  used 
pharmacological  inhibitors  of  these  kinases.  Wortmannin,  a 
highly  selective  inhibitor  of  PI-3  kinase,  blocks  IGF-1- 
mediated  survival  of  granule  neurons  (D’Mello  et  al.  1997). 
As  shown  in  Fig.  6,  neuroprotection  by  GW8510  is  not 
affected  by  wortmannin  treatment.  Similarly,  ML-9,  a  com¬ 
pound  that  has  been  used  as  an  inhibitor  of  Akt  (Hernandez 
et  al.  2001;  Desbois-Mouthon  et  al.  2002;  Smith  et  al.  2000), 
has  no  effect  on  GW8510-mediated  survival  (Fig.  6).  To  rule 
out  PI-3  kinase-Akt  signaling  as  being  responsible  for 
neuroprotection  by  GW8510,  we  used  a  dominant-negative 
(dn)  form  of  Akt.  Overexpression  of  dn-Akt  did  not  interfere 
with  the  ability  of  GW8510  to  prevent  LK-induced  neuronal 
death,  although  it  did  block  IGF-1  mediated  survival  (Fig.  7). 
Thus,  the  PI-3  kinase-Akt  signaling  pathway  is  not  required 
for  GW8510-mediated  neuroprotection. 

Comparison  of  GW8510  with  GW5074 

We  recently  reported  that  another  compound,  GW5074,  has 
strong  neuroprotective  effects  in  tissue  culture  paradigms  of 
neuronal  apoptosis  (Chin  et  al.  2004).  GW5074  also  prevents 
neurodegeneration  and  improves  behavioral  outcome  in  an  in 
vivo  experimental  model  of  Huntington’s  disease  (Chin  et  al. 
2004).  GW5074  is  a  specific  inhibitor  of  c-Raf,  with  no 
effect  on  the  activity  of  CDKs  or  several  other  protein 
kinases  that  were  tested  (Lackey  et  al.  2000;  Chin  et  al. 
2004).  While  inhibiting  c-Raf  activity  in  vitro ,  treatment  of 
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Fig.  8  Effect  of  GW5074  and  GW8510  on  B-Raf  and  c-Raf  activity. 
Neurons  were  either  untreated  or  switched  to  LK  medium  containing 
no  additives  (LK)  or  LK  containing  1  |tm  GW5074  or  1  [im  GW8510. 
After  1  h  of  treatment,  the  cultures  were  lysed  and  B-Raf  or  c-Raf 
immunoprecipitated  from  the  lysate.  The  immunoprecipitated  kinase 
was  washed  repeatedly  and  used  in  an  in  vitro  kinase  assay  with  MEK 
as  substrate.  The  reaction  mixture  was  subjected  to  western  analysis 
using  a  phospho-MEK  antibody  as  probe.  The  stimulation  of  c-Raf  by 
GW5074  is  caused  by  a  build-up  of  activating  modifications  within 
neurons  in  response  to  treatment  with  the  inhibitor,  and  is  revealed  by 
the  washing  off  of  the  drug  during  the  process  of  immunoprecipitation 
(see  Hall-Jackson  1999a,b;  Chin  et  al.  2004). 


neurons  with  GW5074  caused  a  paradoxical  activation  of  c- 
Raf  when  measured  in  vitro  in  the  absence  of  the  drug  (Chin 
et  al.  2004  and  Fig.  6).  Such  a  paradoxical  effect  on  c-Raf 
activity  is  also  seen  with  other  pharmacological  inhibitors  of 
c-Raf  (Hall-Jackson  et  al.  1999a,b).  As  shown  in  Fig.  8,  the 
paradoxical  activation  of  c-Raf  by  GW5074  is  not  seen  with 
GW8510  treatment.  As  previously  reported,  GW5074  treat¬ 
ment  causes  an  activation  of  B-Raf  (which  is  not  inhibited  by 
this  drug),  explaining  the  activation  of  MEK  and  ERK  by 
this  drug  (Chin  et  al.  2004).  As  shown  in  Fig.  8, 
GW8510  has  no  effect  on  B-Raf  activity.  Hence,  GW8510 
acts  by  a  mechanism  that  is  distinct  from  that  activated  by 
GW5074. 

The  indolone  moiety  is  associated  with  neuroprotection 

GW8510  and  GW5074  are  both  3'  substituted  indolone 
derivatives.  Indolone  derivatives  are  known  to  have  potent 
and  selective  inhibitory  activity  towards  different  receptor 
tyrosine  kinases  (Mohammadi  et  al.  1997;  Sun  et  al.  1998, 
2000).  The  selectivity  of  these  compounds  towards  specific 
kinases  depends  on  the  substituents  on  the  indolone  core, 
especially  at  the  C-3  position  (Mohammadi  et  al.  1997;  Sun 
et  al.  1998,  2000).  Since  the  structural  commonality  between 
GW8510  and  GW5074  is  the  indolone  moiety,  we  investi¬ 
gated  the  possibility  that  the  indolone  moiety  might  serve  as 
a  core  chemical  structure  for  neuroprotection.  We  therefore 
tested  the  efficacy  of  several  other  commercially  available  3' 
substituted  indolone  derivatives  against  LK-induced  neuronal 
death  (see  structures  in  Fig.  9a).  One  of  these  was  oxindole-1 
[3-(lH-pyrrol-2-ylmethylene)-l,3-dihydroindol-2-one],  a  potent 
and  selective  inhibitor  of  the  VEGF  receptor-2  tyrosine 
kinase  (VEGF-R2;  Sun  et  al.  1998;  Kent  et  al.  1999).  As 
shown  in  Fig.  9(b),  LK-induced  death  of  granule  neurons 
was  inhibited  by  treatment  with  oxindole-1.  Maximum 
protection  was  seen  at  a  dose  of  10  |im.  As  seen  with 
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Fig.  9  Structures  and  neuroprotective  efficacy  of  indolone  com¬ 
pounds. Structures  of  indolone  compounds  described  in  this  study. 
Neuroprotection  by  GW5074  was  reported  recently  (Chin  et  al.  2004). 
The  indolone  moiety  common  to  all  the  compounds  is  circled, 
(b)  Effect  of  various  indolones  on  LK-induced  neuronal  death.  Neu¬ 
rons  were  switched  to  LK  medium  or  LK  medium  containing  10  pM 
oxindole-1,  2.5  pM  VEGF  receptor  2  kinase  inhibitor-1,  20  pM  VEGF 
receptor  2  kinase  inhibitor-ll,  5  pM  SU6656  and  2.5  pM  PKR  inhibitor¬ 
negative  control.  Control  cells  received  HK  medium.  The  doses  used 
were  selected  based  on  dose-reponse  analysis  and  found  to  be  the 
most  efficacious  for  the  specific  drug.  The  results  shown  are  from  four 
independent  experiments.  *p  <0.05  ±SD  compared  with  viability  of 
culture  receiving  LK. 

GW8510  and  GW5074,  treatment  with  oxindole-1  does  not 
activate  Akt  or  MEK-ERK  signaling  (data  not  shown). 

As  shown  in  Fig.  9(b),  almost  complete  protection  was 
also  seen  with  VEGF  receptor  2  kinase  inhibitor-II  [(Z)-5- 
Bromo-3  -(4,5 ,6,6-tetrahydro- 1  H-indol-2-ylmethylene)- 1,3- 
dihydroindol-2-one],  a  3'  substituted  indolone  which  also 
inhibits  VEGF-R2,  as  well  as  other  split  domain  receptor 
tyrosine  kinases  including  FGF-R1  and  PDGF-R|3  (Sun  et  al. 
2000).  In  comparison,  another  selective  inhibitor  of  VEGF- 
R2 ,  { (Z)-3  -  [2 ,4-Dimethyl-3  -(ethoxy  carbony  l)pyrrol-5  -yl)me- 


Table  2  All  kinase  assays  were  performed  using  100  pmatp.  vegf 
receptor  2  kinase  Inhibitor  I  (VEGFR2-lnhl),  vegf  receptor  2  kinase 
inhibitor  II  (VEGFR2-lnhll)  and  PKR  inhibitor-negative  control  were 
used  at  0.5  pM,4  pM  and  0.5  pM,  respectively 


Kinase 

Activity  (%  control) 

VEGFR2-lnhl 

VEGFR2-lnhll 

PKR-neg 

CDKI/cyclin  B 

110 

111 

116 

CDK2/cyclin  A 

101 

84 

96 

CDK5/p35 

92 

115 

111 

thylidenyl]indol-2-one},  designated  as  VEGF  receptor  kinase 
inhibitor-I  (Sun  et  al.  1998),  had  more  modest  but  significant 
neuroprotective  activity.  While  VEGF  receptor  2  kinase 
inhibitor-I  was  most  effective  at  2.5  |im  (with  toxicity  at 
doses  =  10  |im),  VEGF  receptor  2  kinase  inhibitor-II  dis¬ 
played  maximum  protection  at  20  |im  (with  no  protection  at 
doses  <10  pM).  Previous  work  has  shown  that  both  drugs 
inhibit  VEGF-R2  with  similar  potency  (IC50  =  70  nM;  Sun 
et  al  1998,  2000). 

Robust  neuroprotection  was  also  observed  with  SU6656,  a 
potent  Src  family  kinase  inhibitor,  and  with  5-Chloro-3-(3,5- 
dichloro-4-hydroxybenzylidene)- 1 ,3  -dihydro-indol-2-one,  a 
commercially  available  compound  sold  as  an  inactive 
structural  analog  of  an  RNA-dependent  protein  kinase 
(PKR)  inhibitor  (Fig.  9b).  Two  other  indolone  compounds 
that  were  tested,  IC261,  a  casein  kinase- 1  inhibitor  and 
DMBI,  an  inhibitor  most  selective  against  PDGF-R  and  FGF- 
Rl,  did  not  show  appreciable  protection  (data  not  shown). 

Since  GW8510  inhibited  CDK  activity  at  least  in  vitro ,  we 
investigated  whether  some  of  the  other  neuroprotective 
compounds  also  inhibited  CDKs,  thus  providing  a  possible 
explanation  for  how  they  acted  to  prevent  apoptosis.  Three  of 
the  other  neuroprotective  compounds,  VEGF  receptor  2 
kinase  (VEGF-R2)  inhibitor  I,  VEGF-R2  inhibitor  II  and 
inactive  PKR  inhibitor,  were  chosen  and  their  effects  tested 
on  the  activity  of  three  CDKs  that  are  inhibited  by  GW8510 
in  vitro.  As  shown  in  Table  2,  none  of  the  three  compounds 
had  a  signifi  cant  effect  on  the  activities  of  CDK1,  CDK2  or 
CDK5  when  assayed  in  vitro.  A  similar  lack  of  inhibition  by 
these  three  compounds  was  observed  in  kinase  assays  using 
CDK2  and  CDK5  that  were  immunoprecipitated  from 
granule  neurons  (data  not  shown). 

Discussion 

We  report  here  the  identification  of  a  small  molecule 
chemical  compound,  GW8510,  that  prevents  LK-induced 
death  of  cerebellar  granule  neurons.  GW85 10  was  discovered 
as  an  inhibitor  of  CDK2  by  Davis  et  al.  (2001).  The  drug 
was  also  reported  to  affect  other  CDKs  and  to  prevent 
chemotherapy-induced  alopecia  in  rats,  although  this  biolo¬ 
gical  activity  of  GW8510  could  not  be  reproduced  and  the 
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original  report  describing  this  drug  was  subsequently  retrac¬ 
ted  in  its  entirety  (Davis  et  al.  2002). 

Results  from  several  studies  have  suggested  that  the 
activation  of  mitotic  CDKs  in  post-mitotic  neurons  can 
trigger  apoptosis.  Not  surprisingly,  treatment  with  pharma¬ 
cological  inhibitors  of  CDKs  are  protective  in  experimental 
paradigms  of  neurodegeneration.  Although  GW8510 
strongly  inhibits  mitotic  CDKs  when  added  to  immunopre- 
cipitated  or  purified  kinase  in  vitro ,  it  does  not  have  a 
significant  inhibitory  effect  on  the  activity  of  CDKs  when 
added  to  neuronal  cultures.  In  contrast  to  mitotic  CDKs, 
treatment  of  neuronal  cultures  with  GW8510  does  inhibit 
CDK5,  a  non-classical  CDK  whose  activity  is  restricted  to 
the  nervous  system.  Although  we  do  not  have  an  explanation 
for  this,  it  is  possible  that  GW8510  does  not  enter  the 
nucleus,  or  is  actively  extruded  from  it.  In  contrast  to 
classical  CDKs  that  are  nuclear,  CDK5  is  localized  primarily 
in  the  cytoplasm. 

We  compared  the  effect  of  GW8510  with  that  of 
roscovitine,  a  well  studied  and  widely  used  CDK  inhibitor. 
While  roscovitine  treatment  kills  HEK293T  cells  that  are 
stimulated  to  proliferate  with  serum,  treatment  with  GW85 10 
does  not.  FACS  analysis  confirmed  that  GW8510  does  not 
block  cell-cycle  progression  while  treatment  with  roscovitine 
does.  This,  along  with  our  findings  that  roscovitine  and 
GW8510  have  different  effects  on  specific  signaling  mole¬ 
cules  such  as  Gsk3(3  and  c -jun,  and  that  mitotic  CDKs  are 
not  inhibited  by  GW8510  in  neurons,  strengthens  the 
possibility  that  neuroprotection  by  GW8510  may  occur  by 
a  mechanism  not  involving  cell-cycle  inhibition.  It  is 
possible  that  the  neuroprotective  effect  of  GW8510  is  due 
to  CDK5  inhibition.  Increased  CDK5  activity  has  been 
observed  in  a  number  of  experimental  paradigms  of  neuro¬ 
degeneration  and  in  brain  tissue  of  patients  with  Amyotro¬ 
phic  Lateral  Sclerosis  and  Alzheimer’s  disease  (Patrick  et  al. 
1999;  Patzke  and  Tsai  2002;  reviewed  in  Weishaupt  et  al. 
2003).  Preliminary  evidence  we  have  obtained  suggests  that 
GW8510  inhibits  mixed-linage  kinase-3  (MLK-3)  when 
tested  in  vitro  (Morrison  and  D’Mello,  unpublished  obser¬ 
vation).  MLK-3  has  been  shown  to  have  pro-apoptotic 
effects  in  neurons,  and  pharmacological  inhibition  of  MLKs 
is  protective  in  a  variety  of  in  vitro  and  in  vivo  paradigms  of 
neurodegeneration  (Glicksman  et  al.  1998;  Maroney  et  al. 
1998;  Xu  et  al.  2001;  Harris  et  al.  2002).  Whether  endog¬ 
enous  MLK-3  activity  or  the  activity  of  other  MLKs  is 
inhibited  by  GW8510  has  not  been  tested. 

We  recently  showed  that  a  highly  specific  c-Raf  inhibitor, 
GW5074,  has  strong  neuroprotective  effects  in  culture  and  in 
an  animal  model  of  neurodegeneration  (Chin  et  al.  2004). 
Although  GW8510  does  not  inhibit  c-Raf  in  cultured  neurons 
and  GW5074  has  no  effect  on  CDKs  (including  CDK5), 
these  drugs  share  structural  similarity.  Both  compounds  are 
3'  substituted  indolone  derivatives.  We  tested  whether  other 
commercially  available  indolone  compounds  also  possessed 


neuroprotective  properties.  We  found  that  in  addition  to 
GW5074  and  GW8510,  five  other  3'  substituted  indolone 
derivatives,  oxindole-1,  VEGF  receptor  kinase  inhibitor-I, 
VEGF  receptor  kinase  inhibitor-II,  PKR-1  inhibitor-negative 
control  and  SU6656,  all  protected  cerebellar  granule  neurons 
against  LK-induced  apoptosis.  Since  the  first  three  of  these 
compounds  inhibit  VEGF-R2,  it  is  possible  that  neuropro¬ 
tection  by  these  and  by  some  of  the  other  indolone 
compounds  is  due  to  the  inhibition  of  VEGF  signaling. 
Arguing  against  this  possibility  is  our  finding  that  treatment 
of  cerebellar  granule  neuron  cultures  with  VEGF  either  in 
LK  or  in  HK  has  no  effect  on  cell  viability  (unpublished 
observation).  Moreover,  while  two  of  the  VEGF-R2  inhib¬ 
itors  inhibit  VEGF-R2  with  the  same  potency,  there  is  an 
approximately  10-fold  difference  in  the  concentration  at 
which  they  are  maximally  neuroprotective.  Another  possi¬ 
bility  to  explain  how  these  different  inhibitors  all  exert 
neuroprotective  effects  is  that  although  more  selective  for 
other  kinases,  some  of  the  neuroprotective  compounds 
identified  in  this  study  might  also  inhibit  CDKs.  We  have 
previously  reported  that  GW5074  has  no  inhibitory  effect  on 
CDK  activity  (Chin  et  al.  2004).  The  testing  of  VEGF-R2 
inhibitor-I,  VEGF-R2  inhibitor-II  and  PKR-1  inhibitor-neg¬ 
ative  control  also  showed  no  CDK  inhibition,  discounting  the 
possibility  that  an  ability  to  inhibit  CDKs  might  represent  a 
common  property  of  these  compounds. 

Two  other  indolone  compounds,  IC261  and  DMBI,  were 
found  to  have  no  protective  effect  on  LK-treated  cerebellar 
granule  cultures.  Taken  together,  these  findings  suggest  that 
the  indolone  moiety  contributes  to,  but  is  not  sufficient  for, 
neuroprotection.  Biochemical  as  well  as  X-ray  crystallo¬ 
graphic  studies  using  different  indolone  compounds  have 
shown  that  the  indolone  core  associates  with  the  ATP- 
binding  site  of  various  protein  kinases,  and  that  these 
compounds  inhibit  the  enzyme  by  competing  with  ATP 
(Mohammadi  et  al.  1997;  Sun  et  al.  1998,  2000;  Davis  et  al. 
2001).  While  our  studies  do  not  reveal  the  mechanism  by 
which  indolone  compounds  may  confer  neuroprotection,  the 
finding  that  at  least  two  of  the  compounds  that  we  tested 
failed  to  prevent  cell  death  suggests  that  protection  is  not  due 
to  a  non- selective  inhibition  of  protein  kinases.  This 
conclusion  is  strengthened  by  the  finding  that  at  high 
concentration,  at  which  greater  non- selectivity  in  their 
inhibitory  action  could  be  expected,  some  of  these 
compounds  are  toxic  (data  not  shown).  Finally,  based  on 
an  analysis  of  over  15  different  kinases,  at  least  one  of  the 
neuroprotective  indolones  (GW5074)  is  specific  against 
c-Raf  (Lackey  et  al.  2000;  Chin  et  al.  2004). 

Neurodegenerative  diseases  disrupt  the  quality  of  the  lives 
of  patients  and  cost  society  billions  of  dollars  annually. 
Drugs  that  inhibit  neuronal  apoptosis  could  be  candidates  for 
therapeutic  intervention  in  these  disorders,  and  several  small 
molecule  compounds  have  recently  been  identified  that 
protect  against  neuronal  apoptosis  in  cell  culture  paradigms. 
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In  this  report  we  identify  six  additional  neuroprotective 
compounds.  All  six  of  these  compounds,  along  with 
GW5074,  a  drug  that  was  recently  demonstrated  to  be 
neuroprotective  (Chin  et  al.  2004),  are  3'  substituted  indo- 
lones.  Our  findings  therefore  identify  3'  substituted  indolones 
as  a  versatile  scaffold  for  the  development  of  additional  and 
more  effective  neuroprotective  compounds  that  could  have 
therapeutic  value  in  the  treatment  of  neurodegenerative 
conditions. 
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Abstract 

Depolarizing  concentrations  of  potassium  (HK,  25  mM),  cyclic  AMP  elevating  agents  and  analogs  (cAMP),  insulin-like  growth  factor- 1 
(IGF-1),  or  lithium  can  maintain  the  survival  of  cultured  rat  cerebellar  granule  neurons  (CGNs).  We  investigated  the  possibility  that  the  signal 
transduction  pathways  utilized  by  these  four  survival  factors  converge  in  regulating  a  common  molecular  target.  We  targeted  the  regulation  of 
the  kinase  GSK3(3  as  the  critical  event  in  the  survival  directed  by  the  four  survival  factors.  We  found  that  treatment  of  CGNs  with  HK,  the 
c AMP-elevating  agent  forskolin,  IGF-1,  and  lithium  resulted  in  phosphorylation  of  GSK3(3  at  serine-9  and  thus  its  inactivation.  Furthermore, 
pharmacological  inhibition  of  core  components  in  the  survival  signaling  cascades  initiated  by  HK,  forskolin,  IGF-1,  and  lithium  causes 
apoptosis  and  activation  of  GSK3(3  accompanies  this  death.  Finally,  we  examined  the  pharmacological  inhibitors  of  GSK3p>,  GSK3  inhibitor 
I,  TDZD-8,  and  SB-415286,  for  their  ability  to  prevent  low  potassium  (LK)-induced  apoptosis.  Although  previous  reports  demonstrate 
inhibition  of  GSK3(3  in  in  vitro  kinase  assays  with  GSK3  inhibitor  I  and  TDZD-8,  we  were  unable  to  detect  inhibition  of  GSK3(3  in  neuronal 
cultures  treated  with  these  compounds  and  thus  no  protection  from  LK-induced  apoptosis.  SB-415286  on  the  other  hand,  was  able  to  rescue 
CGNs  from  cell  death.  Taken  together,  we  conclude  that  regulation  of  GSK3|3>  is  a  critical  convergence  event  in  the  promotion  of  CGN 
survival  by  different  factors. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Glycogen  synthase  kinase  3  (GSK3)  was  originally 
identified  for  the  role  it  played  in  the  regulation  of  glycogen 
metabolism  (reviewed  in  [11,14,15]).  Gradually,  the  versa¬ 
tility  of  this  molecule  became  apparent  as  its  role  in  other 
cellular  processes  was  identified.  GSK3  has  been  shown  to 
participate  in  the  regulation  of  protein  synthesis,  cell 
proliferation,  cell  differentiation,  microtubule  dynamics, 


Abbreviations:  cAMP,  cyclic  adenosine  monophosphate;  GSK3, 
glycogen  synthase  kinase  3;  NF-kB,  nuclear  factor-KB;  PI-3K,  phospha- 
tidylinositide-3  kinase 
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cell  motility,  and  apoptosis  (reviewed  in  [11,14,15]).  There 
are  two  known  isoforms  of  GSK3  in  mammals  encoded  by 
distinct  genes,  GSK3a  and  GSK3|3,  with  molecular  weights 
of  51  and  47  kDa,  respectively  [34].  The  two  proteins  are 
structurally  similar,  yet  they  are  functionally  different. 
Although  a  role  for  GSK3a  in  the  generation  of  amyloid- 
13  peptides  has  been  suggested  [31],  the  functional  signifi¬ 
cance  of  GSK3a  in  the  regulation  of  apoptosis  is  unclear  at 
best.  However,  disruption  of  the  GSK3|3  gene  in  mice 
results  in  embryonic  lethality  associated  with  massive 
apoptosis  in  the  liver  [17].  Mice  deficient  in  GSK3(3  are 
unable  to  elicit  an  anti-apoptotic  response  via  nuclear  factor 
kB  (NF-kB)  to  tumor  necrosis  factor  a  (TNFa),  indicating  a 
pro-survival  role  for  GSK3|3  in  the  developing  embryo  [17]. 
In  stark  contrast  to  the  pro-survival  role  of  GSK3 13  in  liver 
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development,  a  substantial  body  of  evidence  indicates  that 
activation  of  GSK3|3  promotes  apoptosis  in  neurons  and 
other  cell  types.  Thus,  the  role  of  GSK3|2>  in  apoptosis  is 
important  but  tissue  specific. 

In  the  context  of  neuronal  apoptosis,  the  phosphatidyli- 
nositide-3  kinase  (PI3-K)  pathway  is  the  best  characterized 
survival  signaling  cascade  regulating  the  activity  of  GSK3. 
Activated  by  growth  factors,  such  as  IGF-1  or  insulin, 
stimulation  of  Akt  by  this  cascade  results  in  inactivation  of 
GSK  by  phosphorylation  of  N-terminal  serine  residues 
(serine-21  on  GSK3a  and  serine-9  on  GSK3(3)  [6].  In 
addition,  inactivation  of  GSK3  p>  by  protein  kinase  A  (PKA) 
results  in  neuronal  survival  in  response  to  elevated  levels  of 
cAMP  [24].  Lithium  is  a  powerful  mood  stabilizer  and 
inhibits  GSK3|3  directly  and  indirectly  (reviewed  in 
[18,25]).  Lithium  competes  with  magnesium  (Mg++)  for 
binding  to  GSK3|3  leading  to  inhibition,  and  lithium 
treatment  leads  to  phosphorylation/inactivation  of  GSK3|3 
in  CGNs  by  a  mechanism  involving  Akt  ([29];  reviewed  in 
[11]).  These  observations  suggest  that  GSK3(3  plays  a 
critical  role  in  the  promotion  of  apoptosis  in  neurons  and 
suppression  of  apoptosis  signaling  must  involve  inhibition 
of  GSK3(3. 

When  cultures  of  rat  cerebellar  granule  neurons  are 
switched  from  media  containing  depolarizing  levels  of 
potassium,  HK,  to  media  containing  repolarizing  levels, 
LK,  greater  than  50%  of  the  neurons  undergo  apoptosis 
within  24  h  [9].  Though  cell  death  begins  at  roughly  16 
h,  the  neurons  become  impervious  to  rescue  by  6  h 
following  potassium  deprivation  [3].  Our  lab  and  others 
have  reported  that  apoptosis  in  granule  neuron  cultures 
can  be  prevented  by  the  addition  of  survival  factors  to 
culture  media  including  HK,  IGF-1,  cAMP,  and  lithium. 
The  purpose  of  this  report  is  to  analyze  the  hypothesis 
that  inactivation  of  GSK3|3  is  a  common  downstream 
checkpoint  in  the  survival  promoting  pathways  initiated 
by  these  four  survival  factors. 

2.  Materials  and  methods 

2.1.  Materials 

Unless  otherwise  noted,  all  materials  were  purchased 
from  Sigma  (St.  Louis,  MO).  Phospho-Tyr216  GSK3|3 
antibody  was  from  BD  Transduction  Laboratories  (San  Jose, 
CA).  All  other  antibodies  were  obtained  from  Cell  Signaling 
Technologies  (Beverly,  MA).  IGF-1  was  purchased  from 
Roche  Biochemicals  (Indianapolis,  IN).  ML-9,  H-89,  KN- 
62,  SN-50,  GSK3  inhibitor  I,  and  TZDZ-8  were  purchased 
from  Calbiochem  (La  Jolla,  CA). 

2.2.  Cell  culture  and  treatments 

Granule  neuron  cultures  were  obtained  from  dissociated 
cerebella  of  7-  to  8-day-old  rats  as  described  previously 


[9].  Cells  were  plated  in  basal  Eagle’s  medium  with  Earles 
salts  (BME)  supplemented  with  10%  fetal  bovine  serum 
(FBS),  25  mM  KC1,  2  mM  glutamine  (Gibco-BRL),  and 
100  pg/ml  gentamicin  on  dishes  coated  with  poly-L-lysine 
in  24-well  dishes  at  a  density  1.0  x  106  cells/well,  1.2  x 
107  cells/60-mm  dish,  or  3.0  x  107  cells/1 00-mm  dish. 
Cytosine  arabinofuranoside  (10  pM)  was  added  to  the 
culture  medium  18-22  h  after  plating  to  prevent  repli¬ 
cation  of  nonneuronal  cells.  Cultures  were  maintained  for 
6-7  days  prior  to  experimental  treatments.  For  this,  the 
cells  were  rinsed  once  and  then  maintained  in  low  K+ 
medium  (serum-free  BME  medium,  5  mM  KC1),  high  K+ 
medium  (serum-free  BME  medium,  supplemented  with  20 
mM  KC1),  IGF-1  (50  ng/ml),  forskolin  (10  pM),  or  lithium 
(10  mM).  Treatment  of  cultures  with  pharmacological 
inhibitors  was  initiated  30  min  prior  to  rinsing  and 
maintained  throughout  the  subsequent  incubation  in 
specified  medium  unless  mentioned  otherwise.  Pharmaco¬ 
logical  inhibitors  were  used  at  the  following  concentrations 
unless  otherwise  specified:  H-89  at  10  pM,  KN-62  at  50 
pM,  ML-9  at  20  pM,  GSK3  inhibitor  I  at  10  pM,  TZDZ-8 
at  20  pM,  SB-415286  at  30  pM. 

2.3.  Neuronal  survival 

Neuronal  survival  was  quantified  by  the  MTT  assay  as 
previously  described  [22].  Briefly,  the  tetrazolium  salt 
MTT  (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H  tetra¬ 
zolium  bromide)  was  added  to  the  cultures  at  a  final 
concentration  of  1  mg/ml,  and  incubation  of  the  culture 
was  continued  in  the  C02  incubator  an  additional  30  min 
at  37  °C.  The  assay  was  stopped  by  adding  lysis  buffer 
[20%  SDS  in  50%  A,/V-dimethyl  formamide,  pH  4.7].  The 
absorbance  was  measured  spectrophotometrically  at  570 
nm  after  an  overnight  incubation  at  room  temperature.  The 
absorbance  of  a  well  without  cells  was  used  as  back¬ 
ground  and  subtracted.  Data  are  presented  as  mean  ± 
standard  deviation.  Statistical  analysis  was  performed 
using  ANOVA  and  Student -Neuman -Keuls’  test.  Besides 
MTT  assays,  viability  was  also  quantified  using  the 
fluorescein-diacetate  method  [9]  and  by  4'6-diamidino-2- 
phenylindole  hydrochloride  (DAPI)  staining  (which 
reveals  apoptotic  nuclei  as  condensed  or  fragmented). 
The  results  using  these  assays  were  similar  to  those 
obtained  with  the  MTT  assay. 

2.4.  Preparation  of  nuclear  extracts 

To  isolate  nuclei,  cells  were  incubated  for  30  min  in 
buffer  A  containing  10  mM  HEPES  pH  7.9,  0.1  mM  EDTA, 
10  mM  KC1,  1  mM  DTT,  50  mM  NaF,  50  mM  13- 
glycerophosphate,  5%  glycerol,  and  lx  protease  inhibitor 
cocktail.  Following  incubation,  1/10  the  buffer  A  volume  of 
10%  NP-40  was  added  and  the  mixture  was  vortexed  for  30 
s.  Cytosolic  extracts  were  obtained  following  brief  centri¬ 
fugation.  The  remaining  nuclear  pellet  was  resuspended  in 
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buffer  B  containing  20  mM  HEPES  pH  7.9,  50  mM  KC1, 
300  mM  NaCl,  0.1  mM  EDTA,  1  mM  DTT,  0.1  mM  PMSF, 
10%  glycerol,  lx  protease  inhibitor  cocktail,  and  extracted 
on  ice  for  30  min,  followed  by  micro-centrifugation  at 
16,000  x  g  for  10  min.  The  supernatants  were  collected  as 
nuclear  extracts.  Concentrations  of  these  nuclear  extracts 
were  determined  by  the  Bradford  method  using  reagents 
from  Bio-Rad.  Lysates  were  then  used  in  Western  blot 
analysis. 

2.5.  Western  blotting 

For  whole  cell  lysates,  the  culture  medium  was 
discarded,  the  neurons  washed  twice  with  ice-cold 
phosphate-buffered  saline  (PBS),  and  lysed  in  lysis  buffer 
(1%  Triton,  20  mM  Tris-HCl  (pH  7.5),  150  mM  NaCl, 
1  mM  Na2EDTA,  1  mM  EGTA,  2.5  mM  sodium 
pyrophosphate,  1  mM  beta-glycerophosphate,  1  mM 
Na3V04,  1  pg/ml  leupeptin,  and  lx  protease  inhibitor 
mixture).  Protein  concentrations  were  measured  using  a 
Bradford  protein  assay  kit  (Bio-Rad),  and  equivalent 
amounts  of  protein  were  mixed  with  6x  SDS  sample 
buffer  (375  mM  Tris-HCl  [pH  6.8  at  25  °C],  12%  SDS, 
60%  glycerol,  300  mM  DTT,  0.012%  bromophenol  blue). 
Following  heating  at  95  °C  for  5  min,  proteins  were 
subjected  to  SDS -polyacrylamide  gel  electrophoresis  and 
transferred  electrophoretically  to  polyvinylidene  difluoride 
membrane  (PVDF;  Bio-Rad).  After  staining  with  Ponceau 
S  to  verify  uniformity  of  protein  loads/transfer,  the 
membranes  were  analyzed  for  immunoreactivity.  Incuba¬ 
tion  with  primary  antibodies  was  performed  overnight  at 
4  °C  and  with  secondary  antibodies  for  1  h  at  room 
temperature.  Immunoreactivity  was  developed  by 
enhanced  chemiluminescence  (ECL;  Amersham)  and 
visualized  by  autoradiography. 

3.  Results 

3.1.  GSK3 P  is  activated  during  low  potassium-induced 
neuronal  apoptosis 

As  mentioned  previously,  cultures  of  CGNs  switched 
from  HK  medium  to  medium  containing  LK  result  in 
morphological  changes  and  appearance  of  biochemical 
markers  indicative  of  apoptosis  [9].  As  shown  in  Fig.  1A, 
apoptosis-inducing  LK  treatment  leads  to  dephosphoryla¬ 
tion/activation  of  GSK3|3  at  Ser9  as  early  as  2  h  following 
potassium  deprivation  and  continues  through  the  time  of 
commitment  to  cell  death  (6  h). 

3.2.  Forskolin,  IGF-1,  and  lithium  promote  the 
phosphorylation  and  inactivation  of  GSK3j3 

We  and  others  have  established  that  LK-induced 
apoptosis  of  CGNs  can  be  inhibited  (and  survival 


maintained)  by  IGF-1,  cAMP,  and  lithium  [10,23,24,29]. 
Other  investigators  have  also  reported  the  inactivation  of 
GSK3|3  following  IGF-1,  cAMP,  and  lithium  treatment 
[6,24,29].  To  confirm  and  expand  upon  previous  obser¬ 
vations,  we  treated  cultures  of  granule  neurons  with  LK 
for  2  h  and  then  applied  survival  stimuli  in  the  form  of 
forskolin  (results  in  elevated  levels  of  cAMP),  IGF-1,  and 
lithium  to  analyze  the  activation  state  of  GSK3|3.  As 
shown  in  Fig.  IB,  treatment  of  granule  neuron  cultures 
with  forskolin,  IGF-1,  and  lithium  promotes  the  phos¬ 
phorylation  and  inactivation  of  GSK3|3  at  Ser9.  Another 
site  that  is  phosphorylated  in  GSK3|3  in  nonneuronal  cells 
is  Tyr216  [32].  The  phosphorylation  status  at  Tyr216  can 
be  regulated  in  response  to  certain  extracellular  stimuli 
[30]  and  phosphorylation  at  Tyr216  was  previously 
reported  to  be  associated  with  GSK3|3  activation.  It  is 
noteworthy  however  that  more  recent  work  has  estab¬ 
lished  that  inhibition  of  GSK3|3  activity  is  regulated 
primarily  by  Ser9  phosphorylation  and  not  by  dephos¬ 
phorylation  of  Tyr216  [32].  Not  unexpectedly  and  in 
contrast  to  Ser9,  treatment  of  neurons  with  all  four 
survival  factors  did  not  alter  the  phosphorylation  status 
of  Tyr216  (Figs.  1C  and  D). 

3.3.  High  potassium  promotes  the  phosphorylation  and 
inactivation  of  GSK3 ft 

Although  various  papers  have  described  the  inactiva¬ 
tion  of  GSK3|3  as  a  consequence  of  IGF-1,  lithium,  and 
cAMP  signaling,  none  have  illustrated  the  role  of 
depolarization  as  a  stimulus  for  the  inactivation  of 
GSK3|3.  As  detailed  in  Fig.  1A,  depriving  neurons  of 
potassium  for  2  h  leads  to  a  decrease  of  pro-survival 
signaling,  thus  an  activation  of  GSK3|3.  In  Fig.  2,  neurons 
were  deprived  of  potassium  for  2  h  and  then  treated  with 
HK  for  15  and  30  min.  Treatment  of  neurons  with  HK 
leads  to  a  marked  increase  in  the  phosphorylation  and  thus 
inactivation  of  GSK3|3. 

3.4.  Pharmacological  inhibition  of  core  components  in 
survival  signaling  cascades  causes  apoptosis  and  is 
accompanied  with  activation  of  GSK3fi 

Small  molecule  inhibitors  were  used  to  inhibit  core 
components  in  the  survival  signals  initiated  by  HK,  IGF-1, 
forskolin,  and  lithium.  The  goal  was  to  test  the  hypothesis 
that  inhibiting  molecules  downstream  of  the  survival 
stimulus  would  result  in  apoptosis  and  that  the  observed 
apoptosis  would  associate  with  an  increase  in  the 
activation  in  GSK3(3.  Treatment  with  the  CaM  Kinase  II 
(CaMKII)  inhibitor  KN-62  demonstrated  an  ability  to 
block  membrane  depolarization-mediated  (HK)  survival 
in  cultures  of  sympathetic  neurons  [16,19];  thus,  we  used 
KN-62  in  attempts  to  block  HK-mediated  survival  of 
CGNs.  As  shown  in  Fig.  3 A,  treatment  of  granule  neurons 
with  HK,  in  the  presence  of  KN-62,  results  in  a  30% 
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Fig.  1.  GSK3p>  phosphorylation/activation  in  CGNs  following  treatment  in  LK,  forskolin,  IGF-1,  and  lithium.  (A)  Apoptosis-inducing  low-potassium  (LK) 
treatment  leads  to  dephosphorylation/activation  of  GSK3(3.  Seven-day-old  CGN  cultures  were  switched  to  LK  media  for  2,  4,  or  6  h.  One  culture  was 
untreated  (labeled  LK  0  h).  GSK3  phosphorylation  at  S-21/9  (Ser21  of  GSK3a  and  Ser9  on  GSK3(3)  was  measured  in  lysates  by  Western  blot  using  a 
phosphorylation-specific  antibody.  The  same  blot  was  then  probed  with  an  antibody  for  total  levels  of  Akt  to  verify  equal  protein  loading.  Similar  results  were 
obtained  in  three  separate  experiments.  The  blot  was  quantified  by  densitometric  analysis  as  the  ratio  of  the  loading  control  and  plotted.  (B)  Forskolin,  IGF-1, 
and  lithium  promote  the  phosphorylation/inactivation  of  GSK3p>.  Seven-day-old  CGN  cultures  were  switched  to  LK  media  for  2  h  to  cause  activation  of 
GSK3|3.  Lysates  were  obtained  from  neurons  treated  in  either  LK  for  2  h  or  in  LK  for  2  h  followed  by  stimulation  with  forskolin  (10  pM),  IGF-1  (50  ng/mL), 
or  lithium  (10  mM)  for  30  min.  GSK3  phosphorylation  at  S-21/9  was  measured  in  lysates  by  Western  blot  using  a  phosphorylation-specific  antibody.  The 
same  blot  was  then  probed  with  an  antibody  for  total  levels  of  Akt  to  verify  equal  protein  loading.  Similar  results  were  obtained  in  three  separate  experiments. 
The  blot  was  quantified  by  densitometric  analysis  as  the  ratio  of  the  loading  control  and  plotted.  Similar  results  were  observed  in  other  experiments.  (C) 
Seven-day-old  CGN  cultures  were  switched  to  LK  media  for  2,  4,  or  6  h.  One  culture  was  untreated  (labeled  LK  0  h).  GSK3  phosphorylation  at  Y-216  was 
measured  in  lysates  by  Western  blot  using  a  phosphorylation-specific  antibody.  (D)  Seven-day-old  CGN  cultures  were  switched  to  LK  media  for  2  h  to  cause 
activation  of  GSK3(3.  Lysates  were  obtained  from  neurons  treated  in  either  LK  for  2  h  or  in  LK  for  2  h  followed  by  stimulation  with  forskolin  (10  pM),  IGF-1 
(50  ng/mL),  or  lithium  (10  mM)  for  30  min.  GSK3  phosphorylation  at  Y-216  was  measured  in  lysates  by  Western  blot  using  a  phosphorylation-specific 
antibody. 


increase  in  apoptosis  after  24  h  relative  to  control  HK 
cultures  as  measured  by  the  MTT  assay  (similar  results 
were  obtained  by  DAPI  staining).  This  inhibitor  showed 
no  effects  on  the  survival  mediated  by  IGF-1,  cAMP,  or 
lithium.  Previously,  we  demonstrated  that  pharmacological 
inhibition  of  Akt  with  ML-9  in  CGNs  reduced  the 
survival  mediated  by  IGF-1  and  lithium  by  as  much  as 
50%  after  24  h  [5].  Furthermore,  treatment  of  granule 
neuron  cultures  with  forskolin  leads  to  activation  of 
adenylyl  cyclase  and  thus  an  increase  in  cAMP  levels 
in  the  cell  [9].  Increased  levels  of  cAMP  lead  to  an 
increase  in  PKA  activation  and  subsequent  neuronal 
survival  [13,24];  thus,  we  used  H-89  to  inhibit  PKA  in 
an  attempt  to  prevent  cAMP-mediated  survival.  Fig.  3B 


displays  the  effect  of  H-89  treatment  on  the  survival  of 
neurons  directed  by  each  of  the  survival  factors.  From 
Fig.  3B,  it  is  apparent  that  H-89  impedes  the  survival 
controlled  by  forskolin,  HK,  and  lithium  after  24  h,  as 
determined  by  the  MTT  assay  (similar  results  were 
obtained  by  DAPI  staining). 

After  establishing  that  pharmacological  inhibition  of  core 
components  of  the  survival  signaling  cascades  could  indeed 
prevent  neuronal  survival,  we  looked  at  the  activation  status 
of  GSK3|3  in  the  conditions  that  were  affected  by 
pharmacological  inhibition  of  survival  signaling.  Previ¬ 
ously,  we  demonstrated  that  treatment  of  CGNs  with  IGF-1 
in  the  presence  of  ML-9  leads  to  a  decrease  in  the 
phosphorylation  of  GSK3|3  [5].  To  explore  this  observation, 
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Fig.  2.  HK  promotes  phosphorylation/inactivation  of  GSK3|2>.  Seven-day- 
old  CGN  cultures  were  switched  to  LK  media  for  2  h  to  cause  activation  of 
GSK3p>.  The  media  were  then  supplemented  with  potassium  (HK,  25  mM). 
Lysates  were  obtained  from  neuronal  cultures  either  at  2  h  in  LK  or 
following  at  an  additional  15  and  30  min  of  LK  or  HK  treatment.  GSK-3 
phosphorylation  was  measured  in  lysates  by  Western  blot  using  a 
phosphorylation-specific  antibody.  The  same  blot  was  then  probed  with 
an  antibody  for  tubulin  to  verify  equal  protein  loading.  Similar  results  were 
obtained  in  three  separate  experiments.  The  blot  was  quantified  by 
densitometric  analysis  as  the  ratio  of  the  loading  control  and  plotted. 
Similar  results  were  observed  in  other  experiments. 

cultures  of  granule  neurons  were  switched  to  media 
containing  LK  for  2  h  to  lower  survival  signaling  to  basal 
levels.  Prior  to  a  30  min  stimulation  with  either  HK,  cAMP, 
or  lithium,  pharmacological  inhibitors  were  added  to  the 
culture  media  for  30  min  and  continued  throughout 
stimulation.  Treatment  with  KN-62  in  HK,  treatment  with 
ML-9  in  lithium,  and  treatment  with  H-89  in  HK,  cAMP, 
and  lithium  generate  a  decrease  in  GSK3  (3  phosphorylation, 
indicating  an  increase  in  activation  of  the  enzyme  as 


portrayed  in  Figs.  4A-C,  respectively.  These  results 
suggest  that  apoptosis  induced  by  pharmacological  inhib¬ 
ition  of  core  components  in  the  survival  signals  initiated  by 
HK,  IGF-1,  cAMP,  and  lithium  may  be  a  consequence  of 
GSK3|3  activation. 

3.5.  Inhibition  of  NF-kB  signaling  leads  to  activation  of 
GSK3/3 

NF-kB  is  a  ubiquitously  expressed  and  inducible  tran¬ 
scription  factor  that  is  activated  by  all  four  survival  factors, 
suggesting  an  important  role  for  NF-kB  in  the  promotion  of 
neuronal  survival  [4,22].  Our  lab  has  previously  demon¬ 
strated  that  SN-50,  a  peptide  that  prevents  the  translocation 
of  NF-kB  to  the  nucleus,  inhibits  survival  promotion  by  HK, 
IGF-1,  and  cAMP  [22].  In  addition,  we  documented  that 
inhibition  of  NF-kB  by  SN-50  in  IGF-1  signaling  leads  to 
decreased  Akt  activity  [28].  This  intriguing  observation 
resulted  in  the  discovery  that,  in  some  instances,  Akt  is  a 
downstream  target  of  NF-kB  [28].  Thus,  we  investigated  the 
possibility  that  promotion  of  neuronal  apoptosis  by  inhibit¬ 
ing  NF-kB  in  HK  could  lead  to  activation  of  GSK3|3. 
Cultures  of  granule  neurons  were  switched  to  LK  for  2  h. 
Prior  to  stimulation  with  HK,  SN-50  was  added  to  cultures 
for  30  min.  The  results  are  depicted  in  Fig.  4 A  and  show 
that  GSK3|3  is  activated  by  pharmacological  inhibition  of 
NF-kB  signaling. 

3.6.  A  small  molecule  inhibitor  of  GSK3fi  protects  granule 
neurons  from  apoptosis 

Recent  studies  have  implicated  GSK3|3  activity  in  the 
promotion  of  tau-associated  neuropathologies  including 
Alzheimer’s  disease  (reviewed  in  [12,20]);  thus,  the 
generation  of  small  molecule  inhibitors  of  GSK3|3  could 
have  therapeutic  value.  Recent  screening  programs  have 
uncovered  GSK3(3  inhibitory  properties  in  six  classes  of 
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Fig.  3.  Pharmacological  inhibition  of  core  components  in  survival  signaling  cascades  selectively  causes  apoptosis.  Cerebellar  granule  neurons  were  treated  with 
forskolin  (10  pM),  HK  (25  mM),  IGF-1  (50  ng/mL),  or  lithium  (10  mM)  in  the  absence  or  presence  of  KN-62  (50  pM)  (A)  or  H-89  (10  pM)  (B).  Cell  viability 
was  measured  by  the  MTT  assay  24  h  later  and  is  expressed  as  a  percent  of  the  HK  control.  Data  represent  the  means  +  SD  from  three  separate  experiments, 
each  performed  in  duplicate.  ^Indicates  significance  P  <  0.001.  Similar  results  were  obtained  using  DAPI  staining  to  quantify  apoptotic  cells  (condensed  or 
fragmented  nuclei). 
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Fig.  4.  Pharmacological  inhibition  of  core  components  in  survival  signaling  cascades  leads  to  activation  of  GSK3(3.  Seven-day-old  CGN  cultures  were 
switched  to  LK  media  for  2  h  to  cause  activation  of  GSK3p>.  Lysates  were  obtained  from  neurons  treated  in  either  LK  for  2  h  or  LK  for  2  h  followed  by 
stimulation  for  30  min  with  either  HK  (25  mM)  (A),  lithium  (10  mM)  (B),  or  forskolin  (10  pM),  HK,  or  lithium  (C).  Two  cultures  (A)  were  treated  with  either 
KN-62  (50  pM)  or  SN-50  (10  pM)  for  30  min  prior  to  stimulation  with  HK.  One  culture  (B)  was  treated  with  ML-9  (20  pM)  for  30  min  prior  to  stimulation 
with  lithium.  Three  cultures  (C)  were  treated  with  H-89  (10  pM)  for  30  min  prior  to  stimulation  with  forskolin,  HK,  or  lithium.  GSK-3  phosphorylation  was 
measured  in  lysates  (A-C)  by  Western  blot  using  a  phosphorylation-specific  antibody.  Blots  were  then  probed  with  an  antibody  for  total  levels  of  Akt  to  verify 
equal  protein  loading.  Similar  results  were  obtained  in  three  separate  experiments.  The  blot  was  quantified  by  densitometric  analysis  as  the  ratio  of  the  loading 
control  and  plotted. 


compounds:  hymenialdisine,  paullones,  indirubines,  malei- 
dimides,  muscarinic  agonist,  and  thiadiazolidinones 
(reviewed  in  [27]).  Moreover,  thiadiazolidinones  derivatives 
(TZDZ)  inhibit  GSK3|3  in  a  non- ATP  competitive  manner 
[26].  If  inactivation  of  GSK3f3  is  a  common  downstream 
checkpoint  in  the  survival  promoting  pathways  of  cerebellar 
granule  neurons,  then  inhibition  of  GSK3 13  activity  by  small 
molecule  inhibitors  should  prevent  apoptosis  and  represent 
a  potential  strategy  against  neurodegenerative  diseases.  We 
tested  the  ability  of  three  of  these  compounds,  GSK3 
inhibitor  I,  TDZD-8,  and  SB-415286,  shown  in  Fig.  5A,  to 
prevent  LK-induced  apoptosis  of  cerebellar  granule  neu¬ 
rons.  Fig.  5B  illustrates  the  effects  of  GSK3|3  inhibitors  in 
the  prevention  of  LK-induced  apoptosis.  For  these  experi¬ 


ments,  cultures  were  maintained  in  LK  or  LK  supplemented 
with  GSK3  inhibitor  I,  TDZD-8,  or  SB-415286.  Viability  of 
these  cultures  was  measured  24  h  later  by  MTT  and 
depicted  as  percent  of  the  HK  control  (similar  results  were 
obtained  by  DAPI  staining).  We  attempted  to  rescue  CGNs 
from  LK-induced  apoptosis  with  GSK3  inhibitor  and 
TDZD-8  at  concentrations  ranging  from  1  pM  to  100  pM, 
but  only  SB-415286  prevented  LK-induced  apoptosis. 
Previous  work  has  established  that  both  GSK3  inhibitor  I 
and  TDZD  are  cell  permeable  [1].  This  supports  a  previous 
report  that  demonstrated  that  both  SB-415286  and  a  related 
compound,  SB-216763,  prevented  apoptosis  induced  by 
inhibition  of  PI3 -kinase  pathway  signaling  in  granule 
neurons  [7]. 
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Fig.  5.  GSK3  inhibitors  and  effect  on  LK-induced  apoptosis.  (A)  Chemical  structure  of  GSK3  inhibitor  I,  TDZD-8,  and  SB-415286.  GSK3  inhibitor  I  and  SB- 
415286  are  structural  analogues  that  inhibit  GSK3(3  in  vitro  in  an  ATP  competitive  manner.  TDZD-8  inhibits  GSK3(3  in  an  ATP  non-competitive  manner.  (B-D) 
Effects  of  GSK3  inhibitor  I,  TDZD-8,  and  SB-415286  on  survival  of  CGN  in  LK.  CGNs  were  treated  with  LK  or  LK  supplemented  with  GSK3  inhibitor  (1,  10, 
and  100  pM)  (B),  TDZD-8  (2,  20,  50,  100  pM)  (C),  or  SB-415286  (30  pM)  (D).  Cell  viability  was  measured  by  the  MTT  assay  24  h  later  and  is  expressed  as  a 
percent  of  the  HK  control.  Data  represent  the  means  ±  SD  from  three  separate  experiments,  each  performed  in  duplicate.  *  Indicates  significance  P  <  0.001. 
Similar  results  were  obtained  using  DAPI  staining  to  quantify  apoptotic  cells  (condensed  or  fragmented  nuclei). 


3.7.  GSK-3  inhibitor  I  and  TZDZ  do  not  inhibit  GSK-3  ft  in 
CGNs 

Given  the  inability  of  two  out  of  three  pharmacolog¬ 
ical  inhibitors  of  GSK-3  p  to  prevent  apoptosis  induced 
by  LK,  we  performed  experiments  to  assess  the  activity 
of  GSK-3  p  in  cells  exposed  to  the  inhibitors.  The 
transcription  factor  p-Catenin  is  a  substrate  of  GSK-3  p, 
and  active  GSK-3  p  leads  to  decreased  levels  of  p- 
Catenin  in  the  nucleus  [15].  Fig.  6  demonstrates  that 
GSK-3  inhibitor  I  and  TDZD-8  are  unable  to  block  the 
LK-induced,  GSK-3  p-directed  downregulation  of  p-Cat- 
enin  levels  in  nuclear  extracts.  On  the  other  hand, 
treatment  of  granule  neurons  with  LK  supplemented  with 
SB-415286  or  lithium  prevents  the  downregulation  of  p- 
Catenin.  Although  previous  results  have  shown  in  vitro 
inhibition  of  GSK3p  with  GSK-3  inhibitor  I  and  TDZD-8 
[26,33],  Figs.  6  suggests  that  these  inhibitors  are 
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Fig.  6.  GSK3  inhibitor  I  and  TDZD-8  do  not  inhibit  GSK3(3  activity  in 
intact  neurons.  Cultures  were  treated  for  4  h  with  LK  or  LK  supplemented 
with  GSK3  inhibitor  I  (10  pM),  TDZD-8  (20  pM),  SB-415286  (30  pM),  or 
lithium  (10  mM).  Following  incubation,  nuclear  lysates  were  obtained  and 
subjected  to  Western  blot  analysis  with  a  (3-catenin  antibody.  Similar  results 
were  obtained  in  three  separate  experiments.  The  same  blot  was  then  probed 
with  an  antibody  for  levels  of  TFIIA  to  verify  equal  protein  loading.  Similar 
results  were  obtained  in  three  separate  experiments. 
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unsuccessful  inhibitors  of  GSK-3|3  activity  in  intact 
neurons  because  they  are  unable  to  block  signaling 
downstream  of  active  GSK-3|3. 

4.  Discussion 

Many  reports  have  implicated  GSK3  (3  in  the  promotion  of 
apoptosis  in  a  variety  of  paradigms  in  neuronal  and  non¬ 
neuronal  cell  types  (reviewed  in  [14]).  This  report  has 
confirmed  and  expanded  upon  previous  observations  regard¬ 
ing  the  role  of  GSK3  (3  in  the  promotion  of  apoptosis  of  CGN. 
Our  results  suggest  that  GSK3|3  is  a  common  downstream 
target  in  the  survival  promoted  by  HK,  IGF-1,  cAMP,  and 
lithium.  We  demonstrated  that  the  four  survival  factors 
regulate  the  activity  of  GSK3|3,  as  measured  by  phosphor¬ 
ylation/inactivation  specific  antibody  for  GSK3.  In  addition, 
we  blocked  core  components  in  the  survival  signaling 
pathways  with  pharmacological  agents  (H-89,  ML-9,  KN- 
62,  and  SN-50),  resulting  in  apoptosis  accompanied  by  a 
corresponding  increase  in  GSK3|3  activity.  Finally,  pharma¬ 
cological  inhibition  of  GSK3  with  SB-415286  prevented  LK- 
induced  apoptosis. 

Although  marketed  as  a  PKA  inhibitor,  a  recent  report 
using  purified  kinases  and  synthetic  substrates  demonstrated 
that  H-89  could  inhibit  additional  kinases  [8].  Although  the 
concentration  of  H-89  (10  pM)  employed  should  be 
selective  for  PKA,  the  ability  of  H-89  to  inhibit  the  survival 
directed  by  HK  and  lithium  could  be  due  to  inhibition  of 
additional  kinases.  However,  involvement  of  PKA  in  the 
survival  directed  by  HK  and  lithium  has  not  been  excluded 
and  thus  warrants  further  investigation.  More  importantly, 
the  apoptosis  observed  in  pharmacological  inhibition  with 
H-89  in  cAMP,  HK,  and  lithium  associated  with  increased 
activation  of  GSK-3|3  (decreased  immunore activity  of 
phosphorylated  GSK3  (3)  and  thus  emphasize  the  importance 
of  GSK3|3  in  the  promotion  of  neuronal  apoptosis. 

We  employed  three  pharmacological  inhibitors  of  GSK3 13 
in  attempts  to  prevent  LK-induced  apoptosis  of  CGNs. 
Although  GSK3  inhibitor  I  and  SB-415286  are  structural 
analogues,  only  SB-415286  was  able  to  rescue  CGNs  from 
LK-induced  apoptosis.  We  detected  stabilization  of  |3-catenin 
in  CGNs  treated  with  SB-415286  or  lithium,  but  observed  a 
decrease  in  expression  of  |3-catenin  in  CGNs  treated  with  LK, 
GSK3  inhibitor  I,  or  TDZD-8.  This  suggests  that  although 
previous  reports  suggest  inhibition  of  GSK|3  in  vitro  with 
GSK3  inhibitor  I  or  TDZD-8,  they  may  not  inhibit  GSK3|3 
activity  in  neurons  for  the  purpose  of  rescuing  CGNs  from 
LK-induced  apoptosis. 

The  observation  that  SB-415286  succeeded,  while 
GSK3  inhibitor  I  or  TDZD-8  failed  to  rescue  CGNs 
from  LK-induced  apoptosis  does  not  exclude  the  possi¬ 
bility  that  neuroprotection  by  SB-415286  is  not  exclu¬ 
sively  due  to  the  inhibition  of  GSK-3|3.  Abortive  reentry 
into  the  cell  cycle  by  post-mitotic  neurons  is  a  putative 
cause  of  apoptosis  receiving  increasing  attention,  and 


inhibition  of  cyclin-dependent  kinases  (CDKs)  rescues 
neurons  from  apoptosis  in  a  variety  of  paradigms 
(reviewed  in  [2]).  The  fact  that  GSK3  is  closely  related 
phylogenetically  to  CDKs  supports  the  observation  that 
many  cell  cycle  inhibitors  of  CDK1,  CDK2,  and  CDK5 
also  inhibit  GSK3  (reviewed  in  [14,21]).  Although  GSK3 
inhibitor  I  and  TDZD-8  display  no  in  vitro  inhibition  of 
CDK2  and  CDK1,  respectively  [26,33],  this  has  yet  to  be 
determined  for  SB-415286.  If,  in  fact,  SB-415286  does 
inhibit  CDKs,  combined  inhibition  of  CDKs  and  GSK3|3 
may  be  necessary  and  even  beneficial  to  promoting  the 
survival  of  neurons  under  degenerating  conditions. 

In  summary,  we  have  demonstrated  that  GSK3|3  is  a 
convergent  molecule  in  the  regulation  of  CGN  survival 
directed  by  HK,  IGF-1,  cAMP,  and  lithium.  Moreover, 
GSK3|3  activity  increases  in  LK-induced  apoptosis  and 
during  pharmacological  inhibition  of  core  components  of 
survival  promoting  pathways  in  CGNs.  Finally,  we  demon¬ 
strated  that  pharmacological  inhibition  of  GSK3|3  protects 
CGN  from  LK-induced  apoptosis.  Mounting  evidence 
incriminates  aberrant  apoptosis  as  vital  to  the  promotion 
of  a  variety  of  neurodegenerative  conditions.  Identifying  the 
molecular  mechanisms  of  cell  death  in  primary  cultures  of 
neurons,  thus,  may  help  in  the  development  of  therapeutic 
targets.  Our  report  supports  the  growing  body  of  evidence 
suggesting  that  inhibition  of  GSK3 13  could  have  therapeutic 
potential  in  the  treatment  of  neurodegenerative  conditions. 
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Cerebellar  granule  neurons  undergo  apoptosis  when  switched 
from  culture  medium  containing  depolarizing  levels  of  potassium 
(high  potassium  or  HI<)  to  nondepolarizing  medium  (low  potassium 
or  LK).  We  showed  that  in  healthy  neurons  maintained  in  HI< 
medium,  IkB-/3  is  phosphorylated  at  a  novel  site,  Tyr-161.  LK-in- 
duced  neuronal  apoptosis  is  accompanied  by  a  decrease  in  the 
extent  of  IkB-/3  phosphorylation  at  this  residue.  Tyr-161  shares 
similarity  to  the  consensus  sequence  for  phosphorylation  by  the 
nonreceptor  tyrosine  kinases  Abl  and  Arg.  Arg  phosphorylates  Tyr- 
161  differentially  in  vitro ,  and  LI<  treatment  does  cause  a  down- 
regulation  of  Arg  activity.  Moreover,  treatment  of  neurons  with  two 
structurally  distinct  and  highly  selective  Abl  inhibitors,  PD  173955 
and  Gleevec,  blocks  HK-induced  phosphorylation  of  IkB-|3  at  Tyr- 
161  and  induces  neuronal  apoptosis.  Overexpression  of  wild-type 
IkB-|3  blocks  LI<- induced  apoptosis,  but  this  effect  is  abolished 
when  Arg  is  pharmacologically  inhibited.  On  the  other  hand,  forced 
overexpression  of  IicB-j3  in  which  Tyr-161  is  mutated  inhibits  sur¬ 
vival  in  HI<  demonstrating  the  importance  of  this  residue  to  neuro¬ 
nal  survival.  Phosphorylation  of  IicB-j3  enhances  its  association  with 
p65/RelA  causing  an  increase  in  NF-kB  DNA  binding  activity.  Our 
results  identified  IkB-|3  phosphorylation  as  a  key  event  in  neuronal 
survival  and  provided  a  mechanism  by  which  this  is  mediated. 


Apoptosis  plays  a  critical  role  in  the  normal  development  of  the  nerv¬ 
ous  system  by  eliminating  large  numbers  of  superfluous  neurons  and 
ensuring  proper  neural  connections.  Aberrant  apoptosis  often  occurs 
during  adulthood  leading  to  an  unwanted  loss  of  neurons  such  as  that 
seen  in  neuropathological  conditions,  including  Alzheimer,  Parkinson, 
or  Huntington  disease  and  following  ischemic  stroke  (reviewed  in  Ref. 
1).  Understanding  the  molecular  mechanisms  regulating  apoptosis  will 
therefore  improve  our  understanding  of  neurodevelopment  and  will 
lead  to  the  development  of  useful  therapeutic  strategies  against  neuro- 
degenerative  conditions. 

One  family  of  molecules  that  plays  a  pivotal  role  in  the  maintenance 
of  neuronal  survival  in  a  variety  of  in  vivo  and  in  vitro  experimental 
paradigms  is  NF-kB,  a  widely  expressed  transcription  factor.  Inhibition 
of  NF-kB  activity  causes  neuronal  death  in  a  variety  of  tissue  culture 
paradigms  of  neurodegeneration  (1-3).  Reduced  NF-kB  activity  has 
also  been  implicated  in  neurodegenerative  diseases  such  as  Alzheimer 
disease,  Parkinson  disease,  and  amyotrophic  lateral  sclerosis  (reviewed 
in  Ref.  4).  In  mammalian  cells,  there  are  five  NF-kB  proteins,  p50,  p52, 
p65  (RelA),  RelB,  and  c-Rel,  characterized  by  the  presence  of  a  con¬ 
served  300-amino  acid  Rel  homology  domain  that  is  located  toward  the 
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N  terminus  of  the  protein  (reviewed  in  Refs.  5-8).  Functional  NF-kB  is 
composed  of  homodimers  and  heterodimers  of  these  proteins,  typically 
p65:p50,  which  are  held  in  the  cytoplasm  by  association  with  members 
of  the  IkB  protein  family.  Generally,  but  not  always,  activation  of  NF-kB 
is  mediated  by  the  phosphorylation  of  IkB  proteins  on  two  N-terminal 
serine  or  threonine  residues  by  the  IkB  kinase  (IKK)2  complex,  which 
contains  the  catalytic  subunits  IKKa  and  IKK/3  and  the  regulatory  IKK/ 
NEMO  protein.  Phosphorylation  by  the  IKK  complex  targets  IkB  for 
degradation  via  the  ubiquitin-proteasome  pathway.  The  released 
NF-kB  thus  translocates  to  the  nucleus,  where  it  binds  to  kB  DNA 
motifs  within  the  promoter  regions  of  a  variety  of  genes  (6-8).  In  addi¬ 
tion  to  nuclear  translocation,  more  recent  evidence  indicates  that  max¬ 
imal  transcription  activity  of  NF-kB  requires  protein-protein  interac¬ 
tion  and  site-specific  post-translational  modifications,  including 
phosphorylation  and  acetylation  (6-8).  Of  the  seven  IkB  family  mem¬ 
bers,  the  best  studied  is  IkB-oi,  which  is  phosphorylated  by  IKK  at  Ser-32 
and  Ser-36.  Besides  being  a  target  of  IKK,  IkB-oi  can  be  phosphorylated 
at  its  C-terminal  PEST  domain  by  casein  kinase-2  and  DNA-PK  (9  -11). 
In  contrast  to  IKK-mediated  phosphorylation,  however,  IkB-oi  phos¬ 
phorylation  by  these  kinases  does  not  cause  its  degradation  (9-11). 
Another  major  member  of  the  IkB  family  is  IkB-/3,  which  is  phospho¬ 
rylated  by  IKK  at  Ser-19  and  Ser-23  (12).  In  comparison  to  IkB-oi,  rela¬ 
tively  little  is  known  about  the  functional  significance  of  IkB-/3. 
Although  frequently  assumed  to  be  functionally  interchangeable  with 
IkB-oi,  more  recent  evidence  indicates  that  IkB-/3  plays  distinct  roles 
within  the  cell  (13,  14).  Although  association  with  IkB-]8  can  inhibit 
NF-kB,  in  some  situations,  IkB-/3  can  lead  to  increased  NF-kB  activity, 
although  the  precise  mechanisms  involved  remain  to  be  fully  addressed 
(15,  16). 

We  have  been  studying  the  molecular  mechanisms  underlying  neu¬ 
ronal  survival  using  primary  cultures  of  cerebellar  granule  neurons. 
These  neurons  undergo  apoptosis  when  shifted  from  medium  contain¬ 
ing  serum  and  depolarizing  concentrations  of  potassium  (high  I<+ 
medium,  HI<)  to  medium  containing  low  potassium  (LI<)  (17).  NF-kB  is 
required  for  the  survival  of  granule  neurons  by  HK  (2).  Most  interest¬ 
ingly,  however,  neither  the  levels  nor  intracellular  distribution  of  the  five 
NF-kB  proteins  nor  those  of  IkB-oi  and  IkB-]8  are  altered  in  neurons 
primed  to  undergo  apoptosis  by  LI<  treatment  (2).  We  have  reported 
previously  that  one  factor  involved  in  the  down-regulation  of  NF-kB 
activity  by  LI<  treatment  is  a  lowering  interaction  between  p65  and 
cAMP-response  element-binding  protein-binding  protein  (CBP),  an 
alteration  that  is  associated  with  hyperphosphorylation  (3). 

In  this  study,  we  show  that  cerebellar  granule  neuron  survival  by 
membrane-depolarizing  stimuli  such  as  HK  involves  phosphorylation 
of  IkB-/3.  HK-induced  phosphorylation  of  IkB-/3  occurs  at  a  novel  site, 
Tyr-161.  We  also  report  that  phosphorylated  IkB-/3  associates  with 


2  The  abbreviations  used  are:  IKK,  IkB  kinase;  HK,  high  potassium;  LK,  low  potassium; 
DAPI,  4,6-diamidino-2-phenylindole;  DTT,  dithiothreitol;  PMSF,  phenylmethylsul- 
fonyl  fluoride;  EMSA,  electrophoresis  mobility  shift  assay;  DMEM,  Dulbecco's 
modified  Eagle's  medium;  GFP,  green  fluorescent  protein;  EGFP,  enhanced  GFP; 
GST,  glutathione  S-transferase;  EMSA,  electrophoresis  mobility  shift  assay;  oligos, 
oligonucleotides;  PB,  phosphate  buffer. 
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NF-kB  and  stimulates  its  DNA  binding  activity.  In  neurons  primed  to 
die  by  LI<  treatment,  there  is  a  reduction  in  IkB-/3  phosphorylation  and 
binding  activity  of  NF-kB.  We  present  evidence  that  HK-induced  phos¬ 
phorylation  of  IkB-/3  is  likely  mediated  by  nonreceptor  tyrosine  kinases, 
Abl/Arg,  molecules  shown  previously  to  regulate  neuronal  morphogen¬ 
esis  and  axon  guidance  in  the  developing  nervous  system  (18-22). 
Overexpression  of  wild-type  IkB-/3  prevents  LK-induced  apoptosis  in 
neurons,  whereas  addition  of  PD173955,  a  highly  selective  Abl/Arg 
inhibitor,  abolishes  the  neuroprotection  effect  by  IkB-/3.  Moreover, 
when  IkB-]8  (Y161F)  mutant  is  overexpressed  in  neurons,  neuronal  sur¬ 
vival  in  HI<  is  reduced.  Our  results  also  show  that  mutation  on  Tyr-161 
of  IkB-]8  decreases  the  interaction  between  IkB-/3  and  p65,  which  is 
similar  to  the  effect  of  LK  treatment  and  HK  treatment  with  the  pres¬ 
ence  of  Abl  inhibitor.  Thus,  our  results  identify  IkB-/3  phosphorylation 
as  a  key  event  in  neuronal  survival  and  provide  a  mechanism  by  which 
this  is  mediated. 

EXPERIMENTAL  PROCEDURES 

Materials— Unless  specified  otherwise,  all  chemicals  were  purchased 
from  Sigma.  PD173955  was  a  kind  gift  from  Dr.  Bayard  Clarkson 
(Memorial  Sloan-Kettering  Cancer  Center,  New  York).  CGP57148B 
(Gleevec)  was  obtained  from  Novartis  Pharma  AG  (Switzerland).  Both 
chemicals  were  dissolved  in  Me2SO.  Antibodies  for  p65  (sc-372),  IkB-/3 
(sc-945),  IkB-cx  (sc-371),  GST  (sc-138),  c-Abl  (sc-23),  Arg  (sc-20708), 
and  c-Jun  (sc-1694)  were  purchased  from  Santa  Cruz  Biotechnology 
(Santa  Cruz,  CA).  Specific  peptides  for  IkB-/3  (sc-945P)  and  p35  (sc- 
820P)  were  from  Santa  Cruz  Biotechnology  as  well.  Anti-n-tubulin 
(T-5168)  was  purchased  from  Sigma.  Antibody  for  phosphotyrosine 
(9411)  was  purchased  from  Cell  Signaling  Technology  (Beverly,  MA). 
The  above  antibodies  were  used  in  Western  blotting  experiments.  Anti- 
IkB-]8,  c-Abl,  and  Arg  antibodies  were  also  used  in  immunoprecipita- 
tion  experiments.  Anti-lKB-j8  and  p65  antibodies  were  used  in  super¬ 
shift  experiments  as  well. 

Cell  Culture  and  Treatments— Granule  neuron  cultures  were 
obtained  from  dissociated  cerebella  of  7- 8-day-old  rats  as  described 
previously  (17).  Cells  were  plated  in  Basal  Eagle's  Medium  with  Earle's 
salts  (BME)  supplemented  with  10%  fetal  bovine  serum,  25  mM  KC1,  2 
mM  glutamine  (Invitrogen),  and  100  /xg/ml  gentamycin  on  dishes 
coated  with  poly-L-lysine  in  24- well  dishes  at  a  density  1.0  X  106  cells/ 
well,  1.2  X  107  cells/60-mm  dish,  or  3.0  X  107  cells/100-mm  dish.  Cyto¬ 
sine  arabinofuranoside  (10  /xm)  was  added  to  the  culture  medium 
18-22  h  after  plating  to  prevent  replication  of  non-neuronal  cells. 
Unless  indicated  otherwise,  cultures  were  maintained  for  6-7  days 
prior  to  experimental  treatments.  For  treatment,  the  cells  were  rinsed 
twice  and  then  maintained  in  LK  medium  (serum-free  BME  medium,  5 
mM  KC1)  or  HI<  medium  (serum-free  BME  medium,  supplemented  with 
20  mM  KC1).  Unless  indicated  otherwise  in  the  figure  legends,  treatment 
of  cultures  with  pharmacological  inhibitors  was  initiated  15  min  prior  to 
rinsing  and  was  maintained  through  the  subsequent  incubation  in  LK  or 
HI<  medium.  The  control  cultures  were  treated  with  Me2SO. 

Plasmid  Construction  and  Mutagenesis — pGEX-KG  constructs  con¬ 
taining  full-length  wild-type  and  the  S19A/S23A  mutation  of  IkB-]8 
were  the  generous  gifts  from  Dr.  Richard  B.  Gaynor  (Eli  Lilly  Co.).  The 
truncation  mutants  were  generated  by  PCR  and  cloned  into  pGEX-KG 
vector.  Site-specific  mutations  in  IkB-/3  were  generated  with  the 
QuikChange®  site-directed  mutagenesis  kit  (Stratagene,  La  Jolla,  CA). 
The  full-length  IkB-/3  containing  wild-type  or  mutations  on  S19A/S23A 
and  Y161F,  respectively,  were  subcloned  into  pEGFP-Nl  (Clontech) 
vector  at  the  N  terminus  of  enhanced  green  fluorescence  protein 
(EGFP).  All  plasmid  constructs  were  confirmed  by  sequencing. 
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FIGURE  1 .  HK  enhances  phosphorylation  of  IkB-/3  but  not  IkB-q;  in  vivo.  Neurons  were 
metabolically  labeled  with  [32P]orthophosphate  in  the  presence  of  HK  or  LK  medium  for 
4  h.  Immunoprecipitation  of  IkB-/3  and  IkB-ch  from  the  neuronal  lysates  was  conducted 
with  control  (O  or  IkB-/3,  IkB-cy  antibody.  Immunoprecipitated  samples  were  resolved  on 
SDS-polyacrylamide  gel.  Part  of  the  gel  was  dried  and  was  followed  by  autoradiography. 
Another  part  was  transferred  to  membrane  for  Western  blot.  A,  autoradiograph  of  the  gel 
(fop  panel)  and  Western  blotting  results  with  IkB-/3  antibody  ( bottom  panel).  B,  autora¬ 
diograph  of  the  gel  ( top  panel)  and  Western  blotting  results  with  IkB-cy  antibody  ( bottom 
panel).  C,  autoradiograph  of  the  32P-labeled  neuronal  lysates  resolved  on  SDS-polyacryl¬ 
amide  gel.  D,  Western  blot  results  to  demonstrate  levels  of  IkB-/3  (fop)  and  IkB-ck  ( bottom ) 
in  lysates  prepared  from  HK-  or  LK-treated  neurons. 


Expression  of  Bacterially  Produced  GST-IkB- (3  Proteins — The  pGEX- 
KG-IkB-/3  constructs  were  transformed  into  Escherichia  coli  BL21 
(DE3)  PlyS  (Promega,  Madison,  WI).  Cultures  (250  ml)  of  E.  coli  were 
grown  to  an  absorbance  at  600  nm  of  0.4  to  0.6  and  induced  with  0.4  mM 
isopropyl  j8-D-thiogalactopyranoside  for  3  h  to  induce  the  expression  of 
the  GST  fusion  protein.  Cells  were  pelleted,  resuspended  in  buffer  A  (20 
mM  HEPES,  pH  7.9,  400  mM  NaCl,  5  mM  dithiothreitol  (DTT),  10% 
glycerol,  0.1  mM  EDTA,  0.1%  Nonidet  P-40, 1  mM  phenylmethylsulfonyl 
fluoride  (PMSF)),  mildly  sonicated,  and  centrifuged.  The  supernatant 
was  incubated  with  0.5  ml  of  glutathione-agarose  beads  (G-4510, 
Sigma)  for  2  h  at  4  °C.  The  matrix  was  washed  four  times  with  buffer  A 
and  resuspended  in  buffer  A  for  GST  pull-down  assay.  To  obtain  soluble 
fusion  proteins,  the  beads  were  further  washed  two  times  with  5  ml  each 
of  buffer  B  (50  mM  HEPES,  pH  8.3, 150  mM  NaCl,  0.5%  Nonidet  P-40,  5 
mM  DTT,  1  mM  PMSF).  The  fusion  proteins  were  eluted  off  beads  by  10 
mM  glutathione  in  buffer  B  at  37  °C  for  30  min  and  stored  at  -80  °C. 

Neuronal  Survival — Neuronal  survival  was  assessed  by  staining  neu¬ 
rons  with  4',6-diamidine-2'-phenylindole  dihydrochloride  (DAPI)  to 
show  the  apoptotic  characteristics  of  nuclei  after  treatment.  Briefly,  cells 
growing  on  coverslips  were  washed  in  0.1  M  PB,  pH  7.4,  and  fixed  in  4% 
paraformaldehyde  in  PB,  pH  7.4,  for  15  min  at  room  temperature.  Cells 
were  then  washed  once  with  PB  for  5  min  at  room  temperature  followed 
by  staining  with  DAPI  solution  (0.5  /xg/ml)  for  10  min  at  room  temper¬ 
ature.  After  staining,  cells  were  washed  again  with  PB  for  5  min.  Cover- 
slips  were  then  mounted  on  slides.  Cells  were  visualized  under  a  fluo¬ 
rescence  microscope,  and  the  number  was  counted.  Results  from  at 
least  three  separate  experiments  were  statistically  analyzed. 

Preparation  of  Nuclear  and  Cytosolic  Extracts — To  obtain  cytoplas¬ 
mic  proteins,  cells  were  washed  with  cold  phosphate-buffered  saline, 
pH  7.2,  resuspended  in  buffer  containing  10  mM  HEPES,  pH  7.9, 0.1  mM 
EDTA,  10  mM  KC1,  1  mM  DTT,  50  mM  NaF,  1  mM  sodium  orthovana¬ 
date,  50  mM  j8-glycerophosphate,  5%  glycerol,  and  protease  inhibitor 
mixture  (Roche  Applied  Science),  and  incubated  on  ice  for  15  min.  At 
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FIGURE  2.  Differential  phosphorylation  of  GST- 
IkB-/3  proteins  by  cellular  extracts  from  HK-  or 
LK-treated  neurons.  Bacterially  expressed  GST- 
IkB-/3  ( wt ),  (SI  9A/S23A,  shown  as  dm),  C-terminally 
truncated  ( 1-204dm ),  and  N-terminally  truncated 
( 195-359 )  proteins  were  bound  to  glutathione- 
agarose  beads.  These  beads  were  incubated  with 
cellular  extracts  prepared  from  cerebella  granular 
neurons  treated  for  6  h  under  HK  or  LK  conditions. 
In  vitro  kinase  assay  was  conducted  with 
[y-32P]ATP.  A,  an  autoradiographic  image  ( top 
panel)  for  phosphorylation  of  full-length  GST- 
IkB-/3.  Coomassie  Blue  staining  of  GST-kB-/3  pro¬ 
teins  that  were  used  as  substrates  are  shown  in  the 
2nd  panel.  Coomassie  Blue  staining  image  for 
supernatants  after  GST  pull-down  assay  are  shown 
in  the  3rd  panel.  Levels  of  phosphorylated  GST- 
IkB-/3  ( top  panel)  were  quantified  by  using  Image- 
Quant  and  normalized  with  levels  of  both  kB-/3 
protein  ( 2nd  panel)  and  input  proteins  {3rd  panel). 
The  value  for  phosphorylation  of  wild-type  {wt) 
GST-kB-/3  at  HK  was  set  to  10,  and  others  were 
valued  based  on  the  relative  level  to  the  P-GST- 
I kB-/3  at  HK.  The  H/L  bars  refer  to  the  ratio  of  P-GST- 
IkB -(3  at  HK  versus  LK  {bottom  panel).  B,  represent¬ 
ative  autoradiographic  image  for  truncated  forms 
of  GST-kB-/3  {top  panel),  Western  blot  with  GST 
antibody  {2nd panel),  and  Western  blot  with  a-Tu- 
bulin  antibody  {3rd  panel).  Levels  for  P-GST-kB-/3 
were  quantified  and  normalized  with  GST-IkB -/3 
and  a-tubulin  levels.  The  values  for  phosphoryla¬ 
tion  of  both  GST-kB-/3  proteins  at  HK  were  set  at 
1 00,  and  others  were  valued  based  on  the  relative 
levels  to  the  P-GST-kB-/3  at  HK.  Results  from  three 
separate  experiments  were  analyzed  and  shown 
as  mean  ±  S.E.  {4th  panel).  C,  schematic  structure 
of  GST-kB-j3  fusion  proteins  is  as  follows:  wild- 
type  IkB-/3  {1st  lane),  kB-/3  with  mutations  of  ser¬ 
ine  residues  19  and  23  to  alanine  {2nd  lane, 
referred  as  kB-/3dm),  kB-/3dm  with  residues  205- 
359  deleted  {3rd  lane,  1 -204dm),  and  kB-/3  with 
residues  1  -1 94  deleted  {4th  lane).  The  positions  of 
the  ankyrin  {Ank)  repeats,  the  PEST  domain,  and 
serine  and/or  tyrosine  residues  that  were  mutated 
are  shown. 
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the  end  of  incubation,  1/20  volume  of  10%  Nonidet  P-40  was  added. 
Cells  were  vortexed  for  30  s  and  then  subjected  to  centrifugation  for  30  s 
at  14,000  rpm.  Supernatants  were  collected  as  cytosolic  proteins. 

Nuclei  from  neurons  were  resuspended  in  buffer  containing  20  mM 
HEPES,  pH  7.9,  50  mM  KC1,  420  mM  NaCl,  0.1  mM  EDTA,  1  mM  DTT, 
10%  glycerol,  protease  inhibitor  mixture  and  extracted  on  ice  for  30  min, 
followed  by  centrifugation  at  14,000  rpm  for  5  min  at  4  °C.  The  super¬ 
natants  were  collected  as  nuclear  extracts.  Protein  concentrations  of  the 
cellular  proteins  were  determined  by  the  Bradford  assay  using  Bio-Rad 
reagent. 

Western  Blots — 50  /xg  of  cellular  extracts  or  protein  complex  pulled 
down  by  GST  fusion  protein  or  antibodies  were  resolved  on  SDS-poly- 
acrylamide  gels.  The  proteins  were  then  transferred  to  nitrocellulose 
membranes.  Membranes  were  blocked  and  incubated  with  the  various 
antibodies  mentioned  previously.  After  washes,  membranes  were  incu¬ 
bated  with  horseradish  peroxidase-conjugated  secondary  antibody.  Fol¬ 
lowing  the  incubation,  membranes  were  washed  extensively  and  devel¬ 
oped  with  ECL  luminal  reagent  (Amersham  Biosciences).  The  image 
was  captured  on  x-ray  film.  Data  were  quantified  using  ImageQuant 
software  (Amersham  Biosciences). 

Immunoprecipitation — 100-200  /xg  of  cellular  lysates  from  treated 
neurons  was  incubated  with  control  and  specific  antibodies  (1  to  2  /xg) 
on  ice  for  30  min.  Protein  A/G-agarose  beads  were  added  to  the  mixture, 
and  further  incubation  was  carried  out  at  4  °C  overnight.  After  incuba¬ 


tion,  beads  were  pelleted  by  centrifugation  followed  by  three  washes 
with  buffer  containing  10  mM  HEPES,  pH  7.9,  50  mM  KC1, 1  mM  EDTA, 
1  mM  DTT,  5%  glycerol,  and  protease  inhibitor  mixture.  The  beads  were 
then  used  in  variety  of  experiments.  Supernatants  from  the  immuno¬ 
precipitation  were  collected  and  resolved  on  SDS-polyacrylamide  gels 
for  Western  blotting  of  a-tubulin  antibody. 

Analysis  of  Phosphorylation  on  Endogenous  IkB-P— 100-mm  dishes 
of  7-  8-day-old  neurons  were  washed  twice  with  warm,  phosphate-free 
DMEM  (Invitrogen)  and  incubated  in  phosphate-free  DMEM  contain¬ 
ing  20  mM  KC1  overnight.  The  cultures  were  then  incubated  for  6  h  in 
medium  containing  [32P]  orthophosphate  (MP  Biomedicals,  Irvine,  CA) 
with  the  indicated  treatment.  After  being  lysed  in  ice-cold  RIPA  buffer 
(50  mM  Tris,  pH  8.0,  150  mM  NaCl,  1%  Nonidet  P-40,  0.25%  sodium 
deoxycholate,  0.1%  SDS,  1  mM  Na3V04,  50  mM  NaF,  30  mM  j8-glycero- 
phosphate,  1  mM  EDTA,  protease  inhibitors  mixture),  the  lysates  were 
subjected  to  immunoprecipitation  as  described,  and  the  proteins  were 
separated  on  SDS-polyacrylamide  gel.  After  electrophoretic  transfer  to 
nitrocellulose  membrane,  labeled  proteins  were  visualized  by  autora¬ 
diography.  Results  were  obtained  by  scanning  on  Storm860  (Amersham 
Biosciences).  Data  were  quantified  using  ImageQuant  software  (Amer¬ 
sham  Biosciences). 

GST  Pull-down  and  in  Vitro  Kinase  Assay— GST-IkB-/3  proteins 
were  bound  to  glutathione-agarose  beads.  The  beads  were  incubated 
with  whole  cell  lysates  prepared  from  HK-  and  LK-treated  neuronal 
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FIGURE  3.  In  vitro  inhibition  of  kinase  activity  by 
protein  kinase  inhibitors  and  in  vivo  phospho¬ 
rylation  of  IkB-/3  on  tyrosine  residue(s).  GST- 
IkB-/3  mutant  (1  -1 68  S19A/S23A)  bound  to  glutathi¬ 
one-agarose  beads  was  incubated  with  cellular 
extracts  prepared  from  HK-  or  LK-treated  neurons 
(6  h).  GST  pull-down  and  in  vitro  kinase  assays  were 
then  conducted.  Various  protein  kinase  inhibitors 
were  added  during  the  kinase  assay.  Concentra¬ 
tions  for  these  inhibitors  are  as  follows:  H89  (10 
/x m),  ML-9  (40  /xm),  genistein  ( Genist .)  (50  /xm),  wort- 
mannin  {Wort.)  (400  mvi),  and  5,6-dichlorobenzimi- 
dazole  riboside  ( DRB )  (50  /xm).  No  Inh.,  no  inhibitor. 
A,  phosphor-GST-kB-jS  ( top  panel )  and  total  GST- 
IkB-/3  protein  (Western  blot  with  anti-GST,  middle 
panel).  Level  of  a-tubulin  in  the  input  lysates  {bot¬ 
tom  panel).  B,  similar  experiment  was  conducted 
with  nonradioactive  ATP.  Western  blot  with  Tyr(P) 
antibody  was  performed  on  the  samples.  Tyro- 
sine-phosphorylated  IkB-/3  is  shown  in  the  immu- 
noblot  with  anti-Tyr(P),  top  panel.  kB-/3  protein 
used  in  the  assay  is  shown  in  the  immunoblot  with 
anti-GST,  middle  panel.  Level  of  a-tubulin  in  the 
input  cellular  extracts  is  shown  in  the  bottom 
panel.  C,  lysates  from  HK-  or  LK-treated  neurons  (6 
h)  were  immunoprecipitated  with  control  IgG 
(Con.  IgG)  or  kB-/3  antibody.  Immunoprecipitated 
proteins  were  resolved  on  SDS-polyacrylamide 
gel.  Western  blot  was  conducted  with  Tyr(P)  {top 
panel,  n.s.,  nonspecific)  and  IkB-/3  {bottom  panel) 
antibody,  respectively. 


cultures.  The  whole  cell  lysates  were  generated  from  cultures  plated  in 
100-mm  dishes  (30  X  106  cells/dish)  and  lysed  in  a  volume  of  250  pi. 
The  kinase  assay  was  performed  in  the  kinase  reaction  buffer  containing 
20  mM  HEPES,  pH  7.9,  100  mM  KC1,  5%  glycerol,  0.2  mM  EDTA,  4  /xm 
ATP,  10  juCi  of  [y-32P]ATP,  5  mM  NaF,  1  mM  Na3V04,  40  /xm  MgCl2, 
protease  inhibitor  mixture  at  30  °C  for  30  min.  The  beads  were  pelleted 
by  brief  centrifugation.  After  addition  of  4X  SDS  sample  buffer  to  the 
pellet,  the  samples  were  heated  at  95  °C  for  5  min.  The  proteins  were 
resolved  on  10%  SDS-polyacrylamide  gels  followed  by  autoradiography. 
Results  were  obtained  by  scanning  with  Storm860.  Data  were  quantified 
using  ImageQuant. 

Gel  Electrophoresis  Mobility  Shift  Assay  (EMSA)— Nuclear  extracts 
were  incubated  with  0.1  pmol  of  32P-labeled  double-stranded  KB-bind- 
ing  site  oligonucleotide  (5'-AGTTGAGGGGACTTTCCCAGG-3'), 
SPl-binding  site  oligonucleotide  (5'-ATTCGATCGGGGCGGGGC- 
GAGC-3'),  or  TFIID-binding  site  oligonucleotide  (5'-GCAGAG- 
CATATAAGGTGAGGTAGGA-3')  in  buffer  containing  1  /xg  of 
poly[d(I*C)],  1  /xg  of  bovine  serum  albumin,  10  mM  HEPES,  pH  7.9,  0.5 
mM  DTT,  0.1  mM  EDTA,  60  mM  KC1,  0.2  mM  PMSF,  5  mM  MgCl2,  and 
12%  glycerol  at  room  temperature  for  15  min.  Samples  were  analyzed  by 
5%  native  PAGE  followed  by  autoradiography.  For  competition  experi¬ 
ments,  nuclear  extracts  were  incubated  with  nonradiolabeled  kB  oligo¬ 
nucleotide  (5'-TCGACAGAGGGGACTTTCCGAGAGGCT-3')  or 
API  oligonucleotide  (5'-CGCTTGATGAGTCAGCCGGAA-3')  for  15 
min  on  ice  prior  to  the  addition  of  32P-labeled  double-stranded 
f<B-binding  site  oligonucleotide.  For  supershift  experiments,  specific 
antibody  was  incubated  with  nuclear  extract  for  15  min  on  ice  followed 
by  further  incubation  with  32P-labeled  double-stranded  KB-binding  site 
oligonucleotide. 

Analysis  ofDNA  Fragmentation — The  neurons  (60-mm  plate)  were 
treated  with  various  reagents.  After  24  h,  the  cells  were  harvested  and 
washed  with  cold  phosphate-buffered  saline.  The  cell  pellets  were  resus¬ 
pended  in  0.1  ml  of  lysis  buffer  (10  mM  Tris-HCl,  pH  8.0,  1  mM  EDTA, 
and  0.2%  Triton  X-100)  and  incubated  on  ice  for  20  min.  Lysed  cells 
were  centrifuged  at  12,000  rpm  for  10  min  at  4  °C.  The  DNA  was  pre¬ 
cipitated  from  the  supernatants  by  adding  a  0.1  volume  of  5.0  M  NaCl 
and  a  0.5  volume  of  isopropyl  alcohol.  After  incubation  at  —20  °C,  the 


samples  were  centrifuged  at  12,000  rpm  for  10  min.  The  resulting  pellets 
were  resuspended  in  50  pi  of  Tris/EDTA  buffer  containing  proteinase  I< 
(300  /xg/ml)  and  RNase  A  (100  /xg/ml)  and  incubated  for  30  min  at 
50  °C.  The  samples  were  subsequently  analyzed  on  a  1.5%  agarose  gel  in 
IX  Tris  borate/EDTA  buffer. 

Transient  Transfection — Transient  transfection  of  granule  neurons 
was  carried  out  as  outlined  by  Koulich  et  al.  (2).  Briefly,  on  day  5  after 
plating,  10  /xg/well  of  DNA  was  precipitated  by  calcium  phosphate 
method  at  room  temperature  for  30  min  and  added  dropwise  to  cultures 
that  has  been  washed  once  with  DMEM  without  L-glutamine,  serum, 
and  antibiotics  (transfection  DMEM).  Cells  were  incubated  in  DMEM 
at  37  °C  for  75-90  min  followed  by  two  washes  with  the  medium.  The 
transfection  DMEM  was  then  replaced  with  the  original  medium.  The 
next  day,  cells  were  treated  in  HI<  or  LI<  or  with  the  addition  of 
PD173955  (2  /xm)  for  24  h.  Cells  were  then  fixed,  and  DAPI  staining  was 
performed.  Expression  of  EGFP  and  the  D API-stained  nucleus  was  visu¬ 
alized  under  a  fluorescence  microscope.  Transfected  cells  were  deter¬ 
mined  by  merging  images  from  GFP  and  UV  filters. 

RESULTS 

Phosphorylation  oflKB-jl  but  Not  IkB-ol  Is  Reduced  during  Neuronal 
Apoptosis — Cerebellar  granule  neurons  undergo  apoptosis  when 
switched  from  HK  medium  to  LK  medium.  Although  cell  death  begins 
at  about  16  h,  previous  studies  have  shown  that  commitment  to  death 
occurs  within  6  h  after  the  switch  to  LK  medium  (23-26).  As  shown  in 
Fig.  L4,  IkB-/3  is  phosphorylated  in  HK  medium,  and  LI<  treatment  leads 
to  a  reduction  in  the  level  of  IkB-]8  phosphorylation.  The  reduction  in 
IkB'P  phosphorylation  is  detectable  as  early  as  4  h  after  LK  treatment, 
suggesting  that  it  is  causally  involved  in  the  induction  of  neuronal  apo¬ 
ptosis  (Fig.  L4).  In  contrast  to  IkB-]8,  the  phosphorylation  level  of  IkB-q: 
is  similar  in  HI<  or  LK  medium  (Fig.  IB).  The  overall  pattern  of  protein 
phosphorylation  (Fig.  1C)  and  protein  levels  of  both  IkB-oi  and  IkB-/3 
are  not  altered  by  the  treatment  with  HI<  and  LK  conditions  (Fig.  ID), 
indicating  that  the  reduced  phosphorylation  of  IkB-]8  is  specific. 

HK-induced  IkB-P  Phosphorylation  Occurs  at  Site(s)  Independent  of 
IKK—  It  is  known  that  IKK  phosphorylates  IkB-]8  at  Ser-19  and  Ser-23. 
We  examined  whether  HK-induced  IkB-]8  phosphorylation  was  medi- 
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FIGURE  4.  Identification  of  a  tyrosine  residue 
that  is  phosphorylated  differentially  in  HK  or 
LK  conditions.  A,  tentative  tyrosine  residues  in 
kB-/3  (1-168  S19A/S23A)  predicted  by  NetPhos  2.0 
Sever  (www.cbs.dtu.dk/services/NetPhos/)  that  can 
be  phosphorylated.  Site-specific  mutagenesis  was 
conducted  on  pGEX-KG  kB-/3  (1-168  S19A/S23A)  on 
Tyr-86,  Tyr-114,  and  Tyr-161,  respectively.  These 
mutated  kB-/3  constructs  were  expressed  into 
proteins.  GST-kB-/3  proteins  bound  with  glutathi¬ 
one-agarose  beads  were  incubated  with  cytosolic 
extracts  prepared  from  HK-  and  LK-treated  neu¬ 
rons  (6  h),  followed  by  in  vitro  kinase  assay  with 
[y-32P]  ATP.  Pos,  position;  Pred,  predicted.  B,  the  top 
panel  shows  a  representative  image  of  the  kinase 
assay.  The  bottom  panel  shows  Western  blot 
results  with  GST  antibody.  1/1/7“,  wild  type.  C,  quan¬ 
tified  results  from  three  separate  experiments  are 
shown  as  mean  ±  S.E.  All  the  results  were  obtained 
by  normalizing  P-GST-kB-/3  levels  with  both  sub¬ 
strate  and  input  cellular  protein  levels.  Levels  of 
P-GST-kB-/3  at  HK  are  set  to  1 00.  Others  are  valued 
based  on  the  relative  level  to  the  P-GST-kB-/3  at 
HK.  D,  schematic  structure  of  GST-kB-/3  fusion  pro¬ 
teins  used.  For  kB-/3dm  truncated  from  residues 
169  to  359  {1st  lane),  this  construct  with  mutation 
of  tyrosine  residue  86  to  phenylalanine  ( 2nd  lane), 
tyrosine  residue  114  to  phenylalanine  {3rd  lane), 
and  tyrosine  residue  161  to  phenylalanine  {4th 
lane).Ank,  ankyrin. 
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ated  by  IKK  by  using  a  mutant  GST-IkB-]8  construct  in  which  both 
Ser-19  and  Ser-23  were  mutated  (GST-IkB-/3s19A/S23A,  see  Fig.  2C).  This 
construct  can  therefore  not  be  phosphorylated  by  IKK.  As  shown  in  Fig. 
2 A,  although  the  level  of  phosphorylation  on  GST-IkB-]8  in  both  HK 
and  LK  was  somewhat  reduced,  the  difference  in  phosphorylation 
between  HK  and  LK  extracts  seen  with  wild-type  GST-IkB-]8  was  also 
observed  in  the  double  mutant.  The  same  result  was  obtained  using  a 
C-terminally  truncated  form  of  GST-IkB-/3,  which  lacks  the  two  target 
sites  of  IKK  (Fig.  2 B).  The  similarity  in  the  difference  of  phosphoryl¬ 
ation  elicited  in  HK  and  LK  medium  between  wild-type  IkB-]8  and 
IkB-/3s19A/S23A  or  the  C-terminally  truncated  mutant  suggests  that  the 
differential  phosphorylation  on  IkB-]8  during  neuronal  apoptosis  hap¬ 
pens  on  residue(s)  that  are  not  sensitive  to  IKK. 

Mapping  Apoptosis-regulated  Phosphorylation  Site — To  map  the  site 
within  IkB-]8  that  is  differentially  regulated  during  LK-induced  apopto¬ 
sis,  several  deletion  constructs  were  generated  and  used  in  in  vitro 
kinase  assays  with  extracts  from  HK-  and  LK-treated  neurons  (Fig.  2C). 
As  shown  in  Fig.  2 B,  GST-I/<B-j8  fragments  spanning  residues 
1-204S19A/S23A  displayed  differential  phosphorylation  similar  to  that 
seen  with  the  full-length  GST-IkB-]8  protein.  In  contrast,  fragment 
spanning  residues  195-359  were  not  differentially  phosphorylated. 


Another  fragment  spanning  residues  1-168S19A/S23A  aiso  displayed  ele¬ 
vated  phosphorylation  level  in  HK  compared  with  LI<  (data  not  shown). 
These  results  localize  the  HK-induced  phosphorylation  site  to  the 
region  spanning  residues  1-168  of  IkB-]8. 

To  determine  whether  the  apoptosis-regulated  phosphorylation  site 
was  a  Tyr  residue  or  a  Ser/Thr  residue,  we  used  genistein,  a  broad 
spectrum  pharmacological  inhibitor  of  tyrosine  kinases.  Addition  of 
genistein  to  the  in  vitro  kinase  assay  abolished  the  differential  phospho¬ 
rylation  of  GST-IkB-]8  (Fig.  3 A),  suggesting  that  the  HK-induced  phos¬ 
phorylation  occurred  at  a  Tyr  residue.  In  comparison,  other  inhibitors, 
such  as  the  phosphatidylinositol  3-kinase  inhibitor  wortmannin,  the 
Akt  inhibitor  ML-9,  and  the  casein  kinase-II  inhibitor  5,6-dichloroben- 
zimidazole  riboside,  did  not  affect  the  differential  phosphorylation  pat¬ 
tern  (Fig.  3 A).  Western  blot  analysis  of  GST-IkB-]8  in  the  in  vitro  kinase 
assay  with  a  phosphotyrosine  antibody  also  showed  increased  immuno- 
reactivity  in  HI<  compared  with  LK,  providing  additional  evidence  that 
the  HK-induced  phosphorylation  of  IkB-/3  occurred  at  Tyr  residue(s) 
(Fig.  3 B).  The  higher  level  of  phosphotyrosine  immunoreactivity  was 
abolished  with  the  addition  of  genistein  (Fig.  3 B).  To  confirm  that  tyro¬ 
sine  phosphorylation  on  I  kB-/3  protein  also  occurred  in  vivo ,  immuno- 
precipitation  was  performed  with  IkB-]8  antibody  following  by  Western 
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FIGURE  5.  PD1 73955  inhibits  Abl/Arg-mediated 
phosphorylation  on  Tyr-161  of  GST-IkB-/3. 

Immunoprecipitation  ( IP )  was  performed  using 
anti-Arg  or  c-Abl  antibody  {Ab)  with  cellular 
extracts  prepared  from  neurons  treated  for  6  h 
under  HK,  LK,  or  HK  with  PD1 73955  (2  /x m)  condi¬ 
tions.  In  vitro  kinase  assay  was  conducted  on 
immunoprecipitated  complex  with  GST-l#cB-/3(1  — 
168dm)  or  GST-IkB-/3(1  -1 68dmY1 61 F)  as  sub¬ 
strate.  A,  results  relating  to  immunoprecipitation 
with  Arg  antibody  are  shown  as  follows:  autora¬ 
diograph  for  phosphorylation  of  GST-IkB-/3  ( top 
panel),  Western  blot  with  GST  antibody  ( middle 
panel),  and  Western  blot  with  ce-tubulin  antibody 
on  the  samples  of  supernatants  from  immunopre¬ 
cipitation  ( bottom  panel).  B,  quantified  result  for  A 
is  shown.  Levels  of  P-GST-IkB-/3  were  normalized 
with  levels  of  input  GST-kB-jS  and  a-tubulin.  Val¬ 
ues  of  P-GST-IkB-/3  at  HK  are  set  to  1 00.  Others  are 
valued  based  on  the  relative  level  to  the  P-GST- 
IkB-/3  at  HK.  The  results  are  expressed  as  the 
mean  ±  S.D.  of  three  separate  experiments.  C, 
results  relating  to  immunoprecipitation  with  c-Abl 
antibody  are  shown  as  follows:  autoradiograph  for 
phosphorylation  ofGST-l/<B-/3  (fop  panel),  Western 
blot  with  GST  antibody  ( middle  panel),  Western 
blot  with  ce-tubulin  antibody  on  the  samples  of 
supernatants  from  immunoprecipitation  ( bottom 
panel).  D,  quantified  result  for  C  is  shown.  Proce¬ 
dure  for  data  processing  is  the  same  as  mentioned 
above  in  B.E,  the  membrane  used  in  A  is  reprobed 
with  the  Tyr(P)  antibody  (fop)  and  Arg  antibody 
{bottom).  IB,  immunoblot.  F,  the  membrane  used 
in  C  is  reprobed  with  Tyr(P)  antibody  (fop)  and 
c-Abl  antibody  {bottom). 
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blotting  with  Tyr(P)  antibody.  Results  in  Fig.  3Creveal  that  a  higher  level 
of  Tyr(P)  immunoreactivity  was  detected  with  the  HK-treated  neuronal 
lysate,  whereas  Western  blotting  results  with  the  IkB-]8  antibody  show 
similarity  to  total  IkB-]8  immunoreactivity.  These  in  vivo  and  in  vitro 
results  suggest  that  HK-induced  phosphorylation  on  I/<B-j8  happens  on 
tyrosine  residue (s). 

Analysis  of  the  amino  acid  sequence  of  IkB-/3  in  the  region  between 
residues  1  and  168  revealed  four  tyrosine  residues,  Tyr-53,  Tyr-86,  Tyr- 
114,  and  Tyr-161,  that  are  conserved  among  rat,  mouse,  and  human 
IkB-]8  proteins.  Among  them,  Tyr-86,  Tyr-114,  and  Tyr-161  are  identi¬ 
fied  by  NetPhos2.0(www.cbs.dtu.dk/services/NetPhos/)  as  potential 
phosphorylation  sites  (Fig.  4A).  We  investigated  whether  any  of  these 
residues  represented  the  apoptosis-regulated  phosphorylation  site  by 
using  GST-IkB-]8  in  which  each  of  these  three  sites  were  mutated  in  in 
vitro  kinase  assays  (Fig.  4 D).  As  shown  in  Fig.  4,  B  and  C,  only  mutation 
of  Tyr-161  reduced  the  extent  of  phosphorylation  seen  with  HI< 
extracts. 

Apoptosis-regulated  Phosphorylation  of  I  KB-fi  Is  Mediated  by  Arg  in 
Vitro — Tyr-161  resides  within  the  consensus  sequence  for  phosphoryl¬ 
ation  by  the  nonreceptor  tyrosine  kinase  Abl  (analyzed  by  ScanSite 
server  at  scansite.mit.edu).  Two  Abl  kinases  are  expressed  in  mamma¬ 
lian  cells,  c-Abl  and  Arg.  As  a  step  toward  examining  whether  these 
kinases  were  responsible  for  HK-induced  IkB-]8  phosphorylation,  we 
immunoprecipitated  c-Abl  or  Arg  from  neuronal  cultures  treated  with 
HK  or  LK  medium.  The  ability  of  the  immunoprecipitated  kinase  to 
phosphorylate  GST-IkB-/3  was  analyzed  using  a  construct  containing 


residues  1-168S19A/S23A  0f  IkB-/3  and  another  construct  in  which  Tyr- 
161  was  mutated  to  Phe.  As  shown  in  Fig.  5,  A  and  B ,  Arg  phosphoryl- 
ated  IkB-/3  to  a  greater  extent  in  HK.  The  elevated  phosphorylation  in 
HI<  was  abolished  when  Tyr-161  was  mutated.  PD173955  is  a  highly 
selective  inhibitor  of  c-Abl  and  Arg  (27,  28).  As  shown  in  Fig.  5 A,  treat¬ 
ment  of  neuronal  cultures  with  PD173955  blocks  the  ability  of  Arg  to 
phosphorylate  GST-IkB-]8  in  HK  medium.  As  seen  with  the  GST-IkB-]8 
construct,  treatment  of  neuronal  cultures  with  PD173955  also  blocked 
HK-mediated  phosphorylation  of  endogenous  IkB-/3  (Fig.  6,  E  and  F). 
However,  phosphorylation  of  the  GST-IkB-]8  proteins  by  c-Abl  immu- 
noprecipitants  did  not  exhibit  the  differential  pattern  (Fig.  5,  C  and  D). 
These  results  suggest  that  Arg  is  likely  the  kinase  that  mediates  the 
differential  phosphorylation  of  Tyr-161  in  IkB-]8.  It  has  been  reported 
that  activity  of  c-Abl  and  Arg  is  tightly  regulated  by  phosphorylation  on 
tyrosine  residues  in  these  two  kinases.  Higher  kinase  activity  of  c-Abl/ 
Arg  correlates  to  higher  tyrosine  phosphorylation  in  these  two  proteins. 
We  performed  Western  blot  experiments  to  examine  the  tyrosine  phos¬ 
phorylation  status  of  immunoprecipitated  c-Abl  and  Arg  in  HK,  LK,  and 
HI<  with  PD173955-treated  neurons.  HK  treatment  induces  the  tyro¬ 
sine  phosphorylation  on  Arg  (Fig.  5 E)  and  only  slightly  higher  levels  of 
tyrosine  phosphorylation  on  c-Abl  (Fig.  5 E).  PD173955  treatment  abol¬ 
ishes  the  tyrosine  phosphorylation  on  both  Arg  and  c-Abl  (Fig.  5,  E  and 
F ),  indicating  that  this  drug  does  affect  its  targets  in  vivo.  Moreover,  the 
levels  of  immunoprecipitated  Arg  and  c-Abl  remain  similar,  regardless 
of  the  treatment,  when  the  same  blots  were  probed  with  Arg  and  c-Abl 
antibody,  respectively.  These  data  suggest  that  the  regulation  of  Arg  and 
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FIGURE  6.  Treatment  with  specific  c-Abl  inhibitors  causes  apoptosis  and  reduced  IkB-/3  phosphorylation  in  HK-treated  neurons.  Granular  neurons  were  treated  with  various 
concentrations  of  c-Abl  inhibitor  PD1 73955  orGleevec  in  HK.  Viability  of  cells  during  the  treatment  was  quantified  by  counting  DAPI-stained  cells.  Survival  rate  for  HK-treated  neurons 
is  set  to  1 00.  Values  for  other  treatments  were  calculated  based  upon  the  relative  level  to  the  value  of  HK-treated  neurons.  Results  from  three  separate  experiments  are  analyzed  and 
shown  as  mean  ±  S.E.  *  p  <  0.05;  **,  p  <  0.005  on  unpaired  Student's  t  test  when  results  from  chemical  treatment  are  compared  with  that  of  the  HK  treatment.  A,  viability  of  neurons 
with  PD1 73955  treatment.  B,  viability  of  neurons  with  Gleevec  treatment.  C,  DAPI  staining  images  of  neurons  treated  with  PD1 73955.  D,  DNA  fragmentation  analysis  was  performed. 
The  image  of  an  agarose  gel  with  DNA  samples  prepared  from  HK,  LK,  or  HK  with  PD1 73955  and  LK  with  PD173955-treated  neurons.  E,  neurons  were  metabolically  labeled  with 
[32P]orthophosphate  and  treated  with  HKor  HK  with  PD1 73955  for  6  h.  Lysates  prepared  from  these  neurons  were  immunoprecipitated  with  control  IgG  (Con.  IgG )  or  kB-/3  antibody. 
Immunoprecipitants  {IP)  were  resolved  on  SDS-polyacrylamide  gel  followed  by  autoradiograph  to  Phosphorlmager  screen.  Image  for  phosphor-kB-/3  is  shown  (fop).  Same  mem¬ 
brane  was  reprobed  with  kB-/3  antibody  {bottom),  whereas  the  total  tyrosine  phosphorylation  profile  for  the  HK  or  HK/PD-treated  neurons  is  shown  in  F.  IB,  immunoblot. 


c-Abl  activity  under  the  conditions  we  used  occurs  at  the  activity  level, 
and  not  because  of  a  change  in  the  protein  level. 

Abl  Inhibitors  Induce  Apoptosis  in  HI<  Condition  and  Reduce  IkB-(3 
Phosphorylation  in  Vivo— The  above  results  indicated  that  elevated 
IkB-]8  phosphorylation  in  HI<  happens  at  a  site(s)  not  sensitive  to  IKK. 
We  also  showed  that  Tyr-161  of  I/<B-j8  is  related  to  the  induced  phos¬ 
phorylation  and  that  Arg  is  the  candidate  kinase  for  this  phosphoryla¬ 
tion.  We  then  conducted  experiments  to  address  the  biological  rele¬ 
vance  of  the  above  observations  with  regulating  apoptosis  in  neurons. 
We  treated  neuronal  cultures  with  PD173955,  a  highly  selective  inhibi¬ 
tor  of  Abl  and  Arg  (27).  As  shown  in  Fig.  6 A,  treatment  with  PD173955 
blocked  HK-mediated  survival  in  a  dose-dependent  manner.  This  result 
was  confirmed  using  a  second  and  structurally  distinct  inhibitor  of  Abl/ 


Arg,  Gleevec  (29,  30),  as  shown  in  Fig.  6 B.  Arguing  against  a  nonspecific 
toxic  effect  of  these  inhibitors  is  the  finding  that  treatment  with 
PD  173955  caused  nuclear  condensation  and  the  characteristically  non- 
random  fragmentation  of  DNA  (Fig.  6,  C  and  D).  To  confirm  that  the 
reduction  in  neuronal  survival  observed  after  pharmacological  inhibi¬ 
tion  of  Arg/Abl  involved  a  reduction  in  IkB-]8  phosphorylation,  we  per¬ 
formed  32P  metabolic  labeling  experiments.  IkB-/3  was  immunoprecipi¬ 
tated  from  lysates  of  neuronal  cultures  that  were  labeled  with  32P  and 
treated  with  PD173955.  As  shown  in  Fig.  6 E,  PD173955  treatment 
reduces  phosphorylation  but  has  no  effect  on  protein  level  of  IkB-(S  in 
vivo.  The  overall  phosphorylation  pattern  in  these  cultures  was  sim¬ 
ilar,  indicating  that  the  reduction  of  IkB-]8  phosphorylation  is  specific 
(Fig.  6 F). 
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Phosphorylated  IkB -(3  Associates  with  p65  and  Regulates  NF-kB 
Binding  Activity — In  non-neuronal  cell  lines,  IkB-/3  has  been  found  to 
associate  with  p65  under  some  conditions  causing  an  increase  in  NF-kB 
DNA  binding  activity  (16).  NF-kB  activity  in  cerebellar  granule  neurons 
is  higher  in  HK  (2).  Because  the  phosphorylation  of  IkB- (3  is  also  higher 
in  HK,  we  examined  whether  IkB-/3  associated  with  p65  in  neurons  and, 
if  so,  what  effect  the  phosphorylation  of  IkB- (3  had  on  its  interaction 
with  p65.  Full-length  GST-lKB-/3-bound  glutathione-agarose  beads 
were  incubated  with  cellular  extracts  prepared  from  neurons  treated 
with  HK  or  LI<  medium.  Following  the  pull-down  assay,  p65  that  asso¬ 
ciated  with  the  exogenously  added  GST -IkB- f3  was  then  studied  by 
Western  blot  by  using  a  p65  antibody.  As  shown  in  Fig.  7 A,  association 
between  GST -IkB- (3  and  p65  was  detectable  under  both  HK  and  LI< 
conditions.  As  observed  with  IkB-]8  phosphorylation,  the  extent  of 
interaction  was  reduced  in  LI<  consistent  with  the  possibility  that  asso¬ 
ciation  between  p65  and  IkB-/3  was  regulated  by  the  phosphorylation  of 
IkB-(3.  To  investigate  this  further,  endogenous  IkB-(3  was  immunopre- 
cipitated  from  32P-labeled  HI<-  or  LK-treated  neuronal  cultures,  and  the 
extent  of  p65  interaction  was  evaluated.  As  shown  in  Fig.  7B ,  both  phos¬ 
phorylation  of  IkB- (3  and  its  interaction  with  p65  was  reduced  in  LI< 
medium.  The  interaction  between  p65  and  IkB-/3  was  disrupted  in  the 
presence  of  excess  amounts  on  an  IkB- (3  peptide  against  which  the 
antibody  was  made,  but  not  by  an  unrelated  peptide  against  the  p35 
protein. 

To  examine  more  directly  the  significance  of  IkB- (3  phosphorylation 
to  its  association  with  p65,  we  performed  GST  pull-down  and  in  vitro 
kinase  assay  with  nonradioactive  ATP  with  lysates  from  HK-  or  LK- 
treated  neuronal  cultures.  As  shown  in  Fig.  7C,  GST -IkB- (3  pulled  down 
from  HK-treated  cultures  was  tyrosine-phosphorylated.  The  extent  of 
tyrosine  phosphorylation  was  greatly  reduced  when  PD173955  was 
added  to  the  in  vitro  kinase  reaction.  Not  unexpectedly  and  consistent 
with  what  was  observed  in  intact  neurons,  phosphorylation  of  GST- 
IkB-(3  was  also  reduced  in  LK-treated  cultures.  The  amount  of  tyrosine 
phosphorylation  correlated  well  with  the  amount  of  p65  that  associated 
with  GST -IkB- (3.  Thus,  association  between  GST -IkB- (3  and  p65  was 
clearly  detectable  when  HI<  lysates  were  used  but  was  barely  detectable 
in  the  presence  of  PD173955,  LK-treated  lysates,  or  GST-IkB-]8Y161F. 
This  mutant  IkB-/3  displayed  significantly  lower  tyrosine  phosphoryla¬ 
tion  than  wild-type  IkB-/3,  and  no  interaction  between  p65  and  IkB-(3 
Y161F  was  observed. 

To  examine  whether  Abl/Arg-mediated  phosphorylation  of  IkB- (3 
affected  the  activity  of  NF-kB  during  neuronal  apoptosis,  we  performed 
EMSA.  As  shown  in  Fig.  8A  and  as  reported  previously  (2),  the  DNA 
binding  activity  of  NF-kB  activity  is  reduced  in  neurons  primed  to  die  by 
LK  treatment.  NF-kB  binding  activity  is  also  reduced  in  HK  with  the 
presence  of  PD173955  (Fig.  8 B).  In  contrast,  neither  LI<  nor  PD173955 
had  a  substantial  effect  on  the  DNA  binding  activity  of  Spl  or  TFIID. 
The  DNA  binding  activity  of  NF-kB  (Fig.  8C)  was  also  reduced  when  the 
nuclear  extracts  were  co-incubated  with  IkB-(3  or  p65  antibody  (Fig. 
8D),  suggesting  the  presence  of  these  proteins  in  the  complex.  Taken 
together,  these  results  suggest  that  IkB-(3  and  NF-kB  are  associated  in  a 
DNA-binding  complex  that  is  stimulated  by  Arg-mediated  phosphoryl¬ 
ation  of  IkB-]8. 

Overexpression  of  Wild-type  or  Y1 61 F  Mutant  of  IkB- (3  Affects  Neu¬ 
ronal  Survival—  To  address  further  the  in  vivo  function  of  IkB-/3  and  the 
relationship  of  Tyr-161  phosphorylation  to  neuronal  survival,  we  tran¬ 
siently  expressed  wild-type  IkB-(3  or  a  mutant  form  of  the  protein  in 
which  Tyr-161  was  mutated  (IkB-]8Y161F)  in  cultured  neurons.  As 
shown  in  Fig.  9,  forced  expression  of  wild-type  IkB- (3  protects  neurons 
from  LK-induced  cell  death.  Consistent  with  the  requirement  for  Arg- 


FIGURE  7.  Differential  association  of  licB-/3-p65  in  the  HK-  and  LK-treated  neurons 
and  effect  of  Tyr-161  mutation  and  PD1 73955  on  GST-IkB-/3  phosphorylation  in 
vitro.  A,  cellular  extracts  prepared  from  neurons  with  2  and  6  h  of  treatment  with  HK  and 
LK  were  applied  to  GST  pull-down  assay  with  GST-kB-jS-bound  glutathione-agarose 
(full-length,  wild-type).  Western  blot  experiment  was  conducted  with  p65  antibody 
(fop),  GST  antibody  {middle),  and  a-tubulin  ( bottom )  for  input  protein  levels.  B,  neurons 
labeled  metabolically  with  32P  and  treated  with  HK  or  LK  for  2  or  6  h  were  lysed  in  RIPA 
buffer.  Immunoprecipitation  of  whole  cell  lysates  with  IkB-/3  antibody  was  performed  in 
the  presence  of  specific  or  nonspecific  competitive  peptides.  The  autoradiograph  is 
shown  at  the  top.  The  same  membrane  was  probed  with  p65  antibody  {middle).  Super¬ 
natants  from  the  immunoprecipitation  were  subjected  to  Western  blot  with  a-tubulin 
antibody  {bottom).  C,  effect  of  tyrosine  phosphorylation  of  IkB-/3  on  its  association  with 
p65.  Full-length  GST-IkB-/3  (WT)  or  GST-kB-/3  Y1 61 F  was  bound  to  glutathione-agarose 
beads.  GST  pull-down  and  nonradioactive  in  vitro  kinase  assay  in  the  presence  of  ATP 
(see  "Experimental  Procedures")  was  performed.  Neurons  were  treated  in  HK  or  LK  con¬ 
ditions  for  6  h.  Cells  were  lysed  in  RIPA  buffer  after  treatment.  Upper  panel,  PD-HK  refers 
to  a  sample  in  which  the  pull  down  was  performed  from  HK  lysates,  and  2  /xm  PD1 73955 
added  to  the  kinase  reaction  following  the  pull-down.  The  reaction  samples  on  the 
beads  were  resolved  on  SDS-polyacrylamide  gel.  Proteins  were  transferred  to  nitrocel¬ 
lulose  membrane.  Western  blotting  was  performed  with  phosphotyrosine  {1st  row),  p65 
{2nd  row),  or  GST  {3rd  row)  antibodies.  Lower  panel,  Western  blotting  experiment  was 
conducted  for  the  flow-through  samples  with  a-tubulin  antibody.  WT,  wild  type. 

mediated  phosphorylation,  inclusion  of  PD173955  blocked  protection 
by  wild-type  IkB-(3.  Further  underscoring  the  importance  of  Arg-medi¬ 
ated  IkB-/3  phosphorylation  to  neuronal  survival  is  the  finding  that 
overexpression  of  IkB-/3Y161F  decreases  neuronal  survival  in  both  HK 
and  LI<  conditions. 

DISCUSSION 

We  report  that  IkB- (8  is  phosphorylated  in  cerebellar  granule  neurons 
and  that  the  level  of  phosphorylation  is  reduced  in  neurons  primed  to 
apoptosis  by  LI<  treatment.  The  higher  phosphorylation  of  IkB- (8  in  HI< 
medium  is  not  because  of  IKK.  A  mutant  form  of  IkB- (3  with  mutations 
in  the  two  IKK-mediated  phosphorylation  sites  and  a  C-terminally  trun¬ 
cated  form  of  IkB- (8  lacking  the  two  phosphorylation  sites  still  display 
differential  phosphorylation  in  HI<  versus  LK  medium.  We  have 
mapped  the  apoptosis-regulated  phosphorylation  site  to  Tyr-161.  A 
comparison  of  sequences  from  different  mammalian  species  reveals 
that  this  is  an  evolutionarily  conserved  residue  within  IkB- (3  and  hence 
one  that  may  be  important  for  the  function  of  the  protein.  Indeed,  over- 
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FIGURE  8.  Treatment  with  Abl/Arg  inhibitor  PD1 73955  reduces  DNA  binding  activ¬ 
ity  of  NF-kB  in  neurons.  Nuclear  extracts  prepared  from  cells  treated  with  HK,  LK,  or 
HK+  PD1 73955  (2  /am)  for  6  h  are  subjected  to  EMSA  with  various  DNA-binding  oligos. 
The  types  of  treatment  are  indicated  at  the  top  of  each  panel.  A,  upper  panel,  DNA  binding 
activity  to  kB  oligos.  Lower  panel,  DNA  binding  activity  to  Spl  oligos.  B,  upper  panel,  DNA 
binding  activity  to  KB-binding  oligos.  Lower  panel,  DNA  binding  activity  to  TFIID-binding 
oligos.  C,  nuclear  extract  from  HK-treated  neurons  were  subjected  to  EMSA  to  kB  oligos. 
No  (no  competitive  nucleotides),  nonradioactive  kB,  and  API  oligos  were  included  in  the 
assay  for  competition  experiments.  D,  same  nuclear  extract  as  in  C  was  incubated  with 
control  (con)  IgG,  IkB-/3,  and  p65  antibody  before  addition  of  radiolabeled  kB  oligos  for 
supershift  experiment. 


expression  of  a  mutant  form  of  IkB-/3  in  which  Tyr-161  is  mutated  to  a 
nonphosphorylatable  residue  inhibits  neuronal  survival  even  in  HK. 

Tyr-161  bears  the  consensus  sequence  for  phosphorylation  by  the 
Abl  nonreceptor  tyrosine  kinases.  The  Abl  family  consists  of  c-Abl  and 
its  paralogue  Arg.  Both  c-Abl  and  Arg  are  expressed  in  most  neurons 
during  development  and  in  the  adult  brain  with  Arg  being  much  more 
abundant  than  c-Abl  in  the  adult  brain  (19).  Although  the  functional 
significance  of  these  Abl  kinases  in  the  brain  are  unclear,  roles  in  neu¬ 
ronal  migration,  axonal  guidance,  and  synaptic  communication  have 
been  suggested  (18,  20,  22,  31).  In  Drosophila  deletion  of  the  single  Abl 
gene,  d -abl,  leads  to  severe  central  nervous  system  defects  (21,  32). 
Although  gross  abnormalities  have  not  been  detected  in  Abl_/_  or 
Arg_/_  mutant  mice  (19),  this  is  likely  to  be  due  to  their  overlapping 
roles.  Double  mutant  Abl_/_Arg_/_  mouse  embryos  exhibit  defects  in 
neurulation,  although  the  early  death  of  these  mice  at  embryonic  day 
E10.5  precludes  analysis  of  the  roles  of  these  proteins  in  brain  develop¬ 
ment  and  maturation  (19). 

Consistent  with  their  involvement  in  IkB-/3  phosphorylation,  the 
activities  of  c-Abl  and  Arg  are  reduced  when  neurons  are  switched  from 
HK  to  LI<  medium.  Treatment  of  neurons  with  PD173955,  a  specific  Abl 
inhibitor,  reduced  GST-IkB-/3  phosphorylation  in  HK-treated  cultures 
to  a  level  comparable  with  that  observed  in  LK  medium.  Although  both 
c-Abl  and  Arg  interact  with  IkB-/3,  the  differential  pattern  of  endoge¬ 
nous  IkB-/3  phosphorylation  is  recapitulated  in  vitro  only  by  Arg  impli¬ 
cating  it  in  the  phosphorylation  of  IkB-/3.  Underscoring  the  importance 
of  Abl-mediated  phosphorylation  of  IkB-]8  to  neuronal  survival  is  our 
finding  that  inhibition  of  this  phosphorylation  event  using  two  distinct 
pharmacological  inhibitors,  PD173955  and  Gleevec,  leads  to  cell  death. 

How  does  the  phosphorylation  of  IkB-]8  at  Tyr-161  help  neuronal 
survival?  We  find  that  IkB-/3  associates  with  p65,  and  association  is 
enhanced  by  IkB-/3.  Mutation  of  Tyr-161,  or  the  pharmacological  inhi¬ 
bition  of  Abl  kinases,  reduces  the  association  of  IkB-/3  with  NL-kB.  The 
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FIGURE  9.  Effects  of  IkB-/3  (wild-type  and  Y1 61 F)  on  neuronal  survival  and  impact  of 
PD1 73955  on  licB-/3-mediated  neuroprotection  in  vivo.  Wild-type  (wt)  and  Y161F 
mutant  of  full-length  IkB-/3  were  subcloned  into  pEGFP-NI  vector  at  the  N  terminus  of 
EGFP.  Transient  transfection  of  cerebellar  granular  neurons  was  performed  by  using  the 
calcium  phosphate  precipitation  method.  Cells  were  then  treated  in  HK,  LK,  and  HK  with 
PD1 73955  (2  /am)  conditions,  respectively.  DAPI  staining  was  conducted  after  24  h  of 
treatment.  Condition  of  transfected  cells  was  visualized  under  fluorescence  microscope 
with  both  UV  and  GFP  filters,  and  the  numbers  were  counted.  A,  statistical  analysis  for 
these  transfection  experiments  is  shown.  Survival  rate  for  HK-treated,  nontransfected 
neurons  is  set  to  1 00.  Values  for  other  treatments  were  calculated  based  upon  the  rela¬ 
tive  level  to  the  value  of  HK-treated,  nontransfected  neurons.  Results  are  derived  from 
three  separate  experiments  and  shown  as  mean  ±  S.D.  *,  p  <  0.05;  **,  p  <  0.005  on 
unpaired  Student's  f  test.  B,  representative  images  for  the  transfection  experiments.  GFP 
displays  cells  under  GFP  filter  (left  panel)-,  DAPI  stands  for  cells  stained  with  DAPI  and 
visualized  under  a  UV  filter  (middle  panel)-,  merged  refers  to  images  that  are  generated 
from  merging  of  both  GFP  and  DAPI  images  (right  panel).  Upper,  IkB-/3  (WT)  transfected 
cell  in  LK  condition.  Lower,  IkB-/3  (Y1 61  F)-transfected  cells  in  HK  condition.  Arrows  point 
to  transfected  cells. 

importance  of  NL-kB  to  neuronal  survival  has  been  well  established  in  a 
number  of  neuronal  paradigms  (1,  2).  In  cerebellar  granule  neurons,  the 
activity  of  NL-kB  is  reduced  by  LK  treatment  (2, 33).  A  similar  reduction 
of  NL-kB  activity  is  observed  when  IkB-/3  phosphorylation  is  inhibited 
by  PD173955  treatment.  The  crystal  structure  (Protein  Data  Bank  codes 
IK3Z,  crystal  form  I,  and  10Y3  crystal  form  II)  of  a  lKB-]8-p65  complex 
reported  recently  reveals  that  this  complex  can  bind  to  DNA  (34).  We 
have  confirmed  that  lKB-j8-bound  p65  can  bind  DNA.3  Studies  in  other 
laboratories  have  shown  that  IkB-/3  bound  to  p65  can  enhance  NL-kB 
DNA  binding  activity  within  the  nucleus  (15, 16).  Taken  together,  these 
observations  suggest  that  the  phosphorylation  of  IkB-/3  increases 
NL-kB  activity  by  stimulating  DNA  binding. 

The  best  studied  member  of  the  IkB  protein  family  is  IkB-oi. 
Although  IkB-q:  and  IkB-/3  have  often  been  assumed  to  be  interchange- 


3  L.  Liu  and  R.  D'Mello,  unpublished  observations. 
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able,  a  portion  of  IkB-(3  that  is  important  for  its  subcellular  localization 
is  missing  in  IkB-oi  (34).  Tyr-161  resides  within  this  region.  EMSA 
results  from  our  laboratory  using  recombinant  IkB-q:  shows  that  it 
inhibits  the  DNA  binding  of  p65.* 1 2 3 4 5 6 7 8 9 10  In  cerebellar  granule  neurons  and 
other  neuronal  cell  types,  overexpression  of  IkB-q:  inhibits  NF-kB  activ¬ 
ity  and  induces  apoptosis,  whereas  overexpression  of  either  wild-type  or 
a  mutant  form  of  IkB-/3  in  which  IKK-mediated  phosphorylation  sites 
are  altered  results  in  the  survival  of  neuronal  cells  under  apoptotic  con¬ 
ditions.3  Thus,  in  the  context  of  neuronal  survival,  IkB-q:  and  IkB-(3 
have  different  effects. 

In  contrast  to  other  members  of  the  IkB  family  of  proteins,  mice 
lacking  IkB-/3  have  yet  to  be  generated,  and  hence  the  physiological 
function  of  IkB-/3  is  poorly  understood.  Our  results  implicate  a  novel 
role  for  IkB-/3  in  the  regulation  of  neuronal  survival.  This  action  of 
IkB-(3  is  regulated  by  its  phosphorylation  by  Abl  kinases  and  leads  to  the 
activation  of  NF-kB.  By  understanding  in  more  detail  the  molecular 
events  leading  to  the  inactivation  of  c-Abl  and  Arg  in  dying  neurons  and 
the  mechanism  by  which  reduced  IkB-/3  phosphorylation  ultimately 
leads  to  neuronal  death  may  shed  insight  into  the  mechanisms  under¬ 
lying  neurodegenerative  diseases. 
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